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Abstract
Background: Laser eye dazzling affects the visual performance through the instant high-intensity light
stimulation. The temporary loss or deterioration of the visual function may occur when radiated by lasers.
To quantitatively evaluate the dazzling effect of each spectrum band of supercontinuum laser, we
conducted an experimental research for exploring the safety and dazzling of animals’ eyes.
Methods: Under the condition of dark adaption, the laser with different power densities and spectral
bands was output, and the rabbit eyes were radiated by normal incident mode for 0.25 s. The fundus of
the rabbit eyes was examined through the inspection mirror, and the upper limit of safe power density
was explored. Rabbit eyes were radiated at the upper limit of safe power density, and the microscopic
damage model was established for pathomorphological analysis. The eyes were radiated with blinding
light for 0.1 s. The visual electrophysiological signals were collected dynamically and the recovery time of
ERG-b amplitude was recorded and analyzed after laser radiation.
Results: Under dark adaptation, the upper limit of safe power density was 247.00 mW/cm2 in the VS,
194.00 mW/cm2 in the VIS, 1184.00 mW/cm2 in the IS, and 1052.00 mW/cm2 in the FS. The above power
densities of laser radiation in rabbit eyes could cause pathological changes of retinal structure, such as
local bulge, uneven thickness and disorder of inner and outer nuclear layers, local inflammatory
exudation and so on. When the power density was 8.00 mW/cm2, the recovery time of ERG-b wave in
rabbit eye was 4.11 ± 0.67 s. When the power density was 12.00 mW/cm2, the recovery time of ERG-b
wave in rabbit eye was 4.16 ± 0.55 s. The recovery time of ERG-b wave was 4.50 ± 0.94 s at the power
density of 4.60 mW/cm2 in the full spectrum-1, 3.81 ± 0.11 s at the power density of 5.00 mW/cm2 in the
full spectrum-2, and 628.00 mW/cm2 in the infrared spectrum. The recovery time of ERG-b wave was only
0.84 ± 0.09 s.
Conclusion: The VS, FS, FS-1 and FS-2 of the supercontinuum laser had a good dazzling effect on rabbit
eyes, and the dazzling effect was enhanced with the increase of radiation power density, but the infrared
spectrum had a little dazzling effect.

1 Introduction
Laser dazzling is to interfere with the visual function of normal eyes through the stimulation of
instantaneous strong light, which makes people appear vertigo, vision decline and even temporary
blindness. The principle is that strong light stimulation of the fundus of the eye will lead to the
isomerization of the photosensitive chemical component of the retinal rhodesin chromophores, which is
bleaching and decomposition, thus causing the human eye to lose or reduce the response ability to
external light stimulation, temporary loss of the visual function, and accompanied by psychological
tension and even panic. In turn, the target's ability to act and react to the outside world is lost or reduced
transiently [1],[2]. In addition to the physical process of retina bleaching, laser dazzling may also cause
visual transmission channel interference, visual synthesis dysfunction of brain and psychological
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deterrence. Therefore, laser dazzling technology has a wide application prospect in the military and public
security fields. Laser dazzling device can not only cause temporary vision loss of the target but also not
cause physical damage, which has become an important direction in the current research of high-tech
non-lethal laser incapacity weapons[3], laser radar or illuminations of car driver [4]–[7]. At present, there are
some reports about the development of laser dazzling weapons, car driver illuminations, but no specific
parameters are involved. Therefore, it is of great significance to carry out in-depth research on the
biological effects of laser dazzling.
The supercontinuum laser source not only has the high intensity, high brightness and good directivity of
the laser source, but also has the characteristics of the wide spectrum of the traditional source [8],[9]. It has
been used in basic science, industry, communication and medicine [10]–[12] Supercontinuum laser has two
advantages: first, the spectrum distribution is very wide, and the traditional laser protection equipment
can only filter a single or a few wavelengths of laser and cannot achieve the effect of complete protection
[13].

Further, we have developed optical imaging-based evaluation method to quantitatively analyze the

supercontinuum laser-induced injuries and wound healings [14]. Second, the use of low peak-power
continuous or quasi continuous laser, which was different from the Q-switched giant pulse laser, can
effectively reduce the damage to the human eyes, not only increase the safety, but also appropriately
increase the amount of laser radiation, to achieve a stronger dazzling effect. Therefore, the
supercontinuum laser can be used in the research and development of laser dazzling devices, and it has
important research value.
Current researches mainly focused on the dazzling effect of single laser wavelength. Furthermore, charge
coupled device (CCD) detector is widely used to evaluate the laser dazzling of some special lasers [15]–[18],
While these methods were undirected for evaluating the performance of laser dazzling. Electroretinogram
(ERG) [19] was also used to reflect the bio-current change under the high-intensity laser stimulus. It is a
functional measurement tool for visual function changes [20],[21]. Furthermore, it is also a useful method
of laser eye treatment for panretinal photocoagulation [22]–[24]. Hence, it would be a useful tool for
evaluating the biological effect of laser dazzling of different kinds of lasers.
This research focused on quantitative evaluation of the supercontinuum laser-induced dazzling
biological effect. Two important parameters of the laser-induced dazzling were investigated, namely the
minimum radiation power density and maximum safe radiation power density. The former determines the
lower limit of radiation power density that can cause the dazzling effect, the latter determines the upper
limit of radiation power density that will not cause permanent damage to the target retina. Moreover, the
recovery time of animal retinal current signals after laser radiation was used to quantitatively evaluate
the dazzling efficiency of each segment of the supercontinuum laser, and explore the dose-effect
relationship between the power density of each segment of the supercontinuum laser and the dazzling
effect of the rabbit eye, so as to provide biological reference for the development of the supercontinuum
laser dazzling weapon.
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2 Materials And Methods
2.1 Animals
120 rabbits were used in this research. Their body weight was approximately 5.0 kg. There was no
abnormality in the fundus observed by ophthalmoscopic observation. These experimental animals are
kept in single cages by the Experimental Animal Center of Beijing Institute of Radiation Medicine. These
animals were fed routinely for 3 to 7 days before the experiment. Experiment was carried out after no
abnormality. Animal experiments with pigs were performed in accordance with the Beijing Institute of
Radiation Medicine Experiment Animal Center-approved animal protocols. All experiments were
performed in accordance with the guidelines of the IACUC-DWZX-2019-502.
2.2 Laser radiation method
Supercontinuum laser (SuperK EXTREME EXW-12, NKT Photonics, Denmark) was used to radiate the
rabbit eyes. The spectral bands were divided into six bands: 1) visible spectrum (VS): 550 nm-760 nm,
which can simulate the laser that passes through the laser protective goggle which prevents the green
and infrared laser. 2) visible to infrared spectrum (VIS): 400 nm-900 nm, which was the spectrum from
visible to infrared light; 3) infrared spectrum (IS): 900 nm-2400 nm, which was the middle infrared light
spectrum; 4) full spectrum (FS): 400 nm-2400 nm,which was the full spectrum of the supercontinuum
laser; 5) full spectrum 1 (FS-1): 400 nm-2400 nm, who’s frequency were same as the FS, but the weight of
each spectrum is not same; 6) full spectrum 2 (FS-2): 400 nm-2400 nm, who’s frequencies were same as
the FS and FS-1, but the weights of each spectrum were not same.
Laser was transmitted by optical fiber, and then expanded laser beam and collimated through a lens, it
was limited by a diaphragm. The shutter was used to control radiation time, LABMAX TOP (Coherent Inc.,
Santa Clara, CA USA) was applied to monitor the power density of the supercontinuum laser. TES-1339
illuminometer was used to detect the ambient light illumination (Fig. 1(a)). The experiment was carried
out under the condition of dark adaptation, and the ambient background illumination was set to be no
higher than 0.01 Lux. The beam-limiting diaphragm was used to control the size of the laser spots that
reached the pupil of the experimental animal, that is, the diameter of the aperture that was illuminated is
set to be approximately 7.3 mm. During the experiment, the laser energy in the pupil of the animal was
measured and calculated with a laser power meter before each radiation.
2.3 Study on the safety of supercontinuum laser-induced dazzling
After the rabbit eyes were dilated by compound topicamide eye drops, and the rabbits were fixed in the
rabbit box, and the rabbit eyes were placed in front of the laser source. The dazzling laser was radiated
directly into the rabbit eyes, and the power density increased gradually from small to large. Each power
density was used to irradiate 2–6 rabbit eyes for 10 consecutive times with a radiation duration of 0.25
seconds. The fundus of rabbit eyes was examined with ophthalmoscopes immediately after the radiation

Page 4/16

until the minor fundus injury was found. The power density of the first undetected eye injury was think as
the upper limit of safe power density.
2.4 Pathomorphological analysis of eye injury induced by supercontinuum laser in rabbits
The rabbit eyes were radiated at the upper limit of safe power density, and each rabbit eye was radiated
by 50 times. Each radiation duration was 0.25 s. The microscopic injury model of rabbit eyes was
established, and the laser radiation spots were scattered in the area near the center of the retina, to
facilitate the sampling of the laser radiation area during pathological section. Hematoxylin-eosin staining
(H&E) was performed to observe the pathomorphological changes of the animal eye tissues under light
microscope. The rabbit eyes were removed from the animals after 24 h laser staining, and preserved in
eyeball fixations. H&E was performed to observe the pathomorphological changes of the rabbit eye
specimens.
2.5 Evaluation of visual ERG-b wave for dazzling efficiency
Rabbit eyes were dilated by compound topicamide eye drops. The rabbits were anesthetized with
Sumianxin injection and were fixed in electrostatic shielding box of rabbit. The rabbit eyes were placed in
front of the laser. The related electrode and electrode were respectively fixed on the center of the auricle
and the forehead, the corneal electrode was placed in the eye in the conjunctival sac, and the electrode
was confirmed with good surface contact. Before, during and after laser radiation, the rabbit eyes were
radiated with a white reference flash of 2 Hz at a frequency of 1 time per second. The flash and the laser
were as close to the same axis as possible. The dynamic electroretinogram (ERG) (Fig. 1 (b)) waves were
collected according to the international standard method of ERG, and the amplitude changes of ERG-b
wave before and after laser radiation were measured. The transient disappearance occurred or decreased
in amplitude of ERG-b wave that indicates the occurrence of glare phenomenon, and the recovery time of
ERG-b wave is the time taken from the moment when the dazzling laser illuminates until the amplitude of
ERG-b wave returned to the pre-illumination level. The degree of laser dazzling was usually measured by
the recovery time and amplitude of ERG-b wave. The longer the recovery time of ERG-b wave was, the
lower the amplitude was and the more serious the dazzling effect was.
2.6 Statistical analysis
SPSS 13.0 software was used to analyze the data results, which are expressed as x̄ ± s. One-way
analysis of variance was used for comparisons between groups, and the LSD-t test was used for further
comparisons. The difference was statistically significant at P<0.05.

3 Results
3.1 Safety evaluation of eye injury caused by supercontinuum laser under dark adaptation
Under dark adaptation, namely, the ambient background illumination was less than 0.01 Lux, each
spectrum band of the supercontinuum laser was radiated to the rabbit eye for 10 consecutive times with
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each radiation duration of 0.25 s. In the range of different radiation doses, the ocular fundus injury was
observed by ophthalmoscopic immediately after the laser dose was radiated from low to high.
Rabbit eyes were radiated with the VS of the supercontinuum laser under dark adaptation, and the
radiation dose range was 247.00-313.00 mW/cm2. The observation results showed that the power
density was 247.00-263.00 mW/cm2. Twenty-six rabbit eyes were radiated with the visible spectrum of
supercontinuum laser, and no damage was found in fundus examination. When the power density was
289.00 mW/cm2, the two rabbit eyes were radiated, and the fundus examination showed a slight white
lesion in one eye. When the power density was 313.00 mW/cm2, two rabbit eyes were radiated, and 1
rabbit eye was found to have blood spots by fundus examination.
Under the condition of dark adaptation, the 8 rabbit eyes of were radiated with the VIS of the
supercontinuum laser. The observation results showed that when the laser power density was 194.00
mW/cm2, the eyes of 8 rabbits were radiated. No damage was found in the fundus examination. The eyes
of rabbits were radiated with the IS of the supercontinuum laser, and the radiation dose range was
1120.00-1200.00 mW/cm2. The observation results showed that the power density was within the above
range. A total of 14 rabbit eyes were radiated, and no damage was found in fundus examination.
Rabbit eyes were radiated with the FS of supercontinuum laser under dark acclimation, and the radiation
dose range was 1039.00-1530.00 mW/cm2. The observation results showed that when the power density
was 1039.00-1050.00 mW/cm2, a total of 14 rabbit eyes were radiated, and no damage was found in the
fundus examination. When the power density was 1530.00 mW/cm2, 3 rabbit eyes were radiated, and 1
rabbit eye was found to have haemorrhagic spots by fundus examination.
3.2 Pathomorphological analysis of rabbit eye injuries induced by supercontinuum laser under dark
adaptation
Under dark adaptation, each spectrum band of the supercontinuum laser was used to radiate
continuously at the upper limit of safe power density for 50 times at the fine-tuning angle, each radiation
duration was 0.25 s. The eyes of the rabbits were taken for pathomorphological analysis 24 h after laser
radiation.
The experimental results showed that, when the power density of the VS was 252.00 mW/cm2, it caused
slight changes in the structure of the retina after radiation, with disordered arrangement of internal and
external nuclear layers, irregular morphology and local bulges, as shown in Fig. 5A1, 5A2 and 5A3. When
the power density of the VIS was 194.00 mW/cm2, it caused slight changes in the retinal structure and
local bulge after radiation of the rabbit eyes, with uneven and disordered thickness of internal and
external nuclear layers, and local inflammatory exudation, as shown in Fig. 5B1, 5B2, and 5B3. When the
power density of the full spectrum was 1050.00 mW/cm2, it caused slight changes in the retinal structure,
local bulge, uneven thickness of internal and external nuclear layers, and local inflammatory exudation
after radiation, as shown in Fig. 5C1, 5C2, and 5C3.
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The above pathological experimental results showed that the laser radiation amount determined by
fundus examination would not cause macro retinal damage, but showed a certain degree of damage in
microscopic pathomorphology. Although these injuries may be automatically repaired, they should be
avoided as far as possible from the perspective of safety. Therefore, the upper limit of safe power density
of each spectral segment should be lower than the upper limit of safe power density determined by
fundus examination.
3.3 Visual ERG-b wave evaluation of the dazzling effect of supercontinuum laser in rabbit eyes under
dark adaptation

1) Effect of the recovery time of ERG-B wave with the VS in rabbit eyes
Under dark adaptation, the IS of supercontinuum laser radiated the rabbit eye for 0.1s, and the change of
ERG-b wave recovery time with power density in the rabbit eye is shown in Fig. 3. When the power density
was between 0.20–1.60 mW/cm2, the recovery time of ERG-b wave in rabbit eyes was less than 3 s.
When the power density was 2.00 mW/cm2, the recovery time of ERG-b wave in rabbit eyes was 3.28 ±
0.73 s. When the power density was 15.00 mW/cm2, the recovery time of ERG-b wave in rabbit eyes was
5.19 ± 0.40 s. When the power density was 60.00 mW/cm2, the recovery time of ERG-b wave in rabbit eyes
was 6.65 ± 0.38 s. When the power density reached 180.00 mW/cm2, the recovery time of ERG-b wave in
rabbit eyes was 10.80 ± 0.29 s, which was significantly higher than that in groups with power density
lower than 160.00 mW/cm2, and the difference was statistically significant (p < 0.01). The above results
indicated that the recovery time of ERG-b wave was positively correlated with the increase of power
density when the VS of supercontinuum laser was radiated to rabbit eyes under dark adaptation. The
power density of dazzling laser was higher than 8.00 mW/cm2, and the recovery time of ERG-b wave was
higher than 4 s, hence it had good dazzling effect.

2) Effect of the recovery time of rabbit eye ERG-b wave with the IS under dark adaptation
Under dark adaptation, the supercontinuum laser infrared spectrum was radiated for 0.1 s. The recovery
time of ERG-b wave in rabbit eyes was less than 0.25 s when the power density was between 71.70
mW/cm2 and 521.00 mW/cm2, which indicated that no obvious dazzling occurred. When the power
density was 628.00 mW/cm2, the recovery time of ERG-b wave in rabbit eyes was 0.84 ± 0.09 s. These
results showed that, when the IS of supercontinum laser effected on rabbit eyes, the ERG-b wave backed
quickly after interference, there were no obvious dazzle. We would conclude that, when the power density
of the IS of the laser reached a very high level, through visible laser filter residue after visible laser power
density also reached a certain level, thus can cause very weak dazzling effect.

3) Effect of the recovery time of ERG-b wave in rabbit eyes with the FS under dark adaptation
Under dark adaptation, the FS of supercontinuum laser radiated the rabbit eye for 0.1 s, and the change
of ERG-b wave recovery time with power density in the rabbit eye is shown in Fig. 4. When the power
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density was between 0.02 and 0.98 mW/cm2, the recovery time of ERG-b wave was less than 2 s. When
the power density was 2.50 mW/cm2, the recovery time of ERG-b wave in rabbit eyes was 2.84 ± 0.56 s.
When the power density was 12.00 mW/cm2, the recovery time of ERG-b wave in rabbit eyes was 4.16 ±
0.55 s. When the power density was 117.00 mW/cm2, the recovery time of ERG-b wave in rabbit eyes was
7.54 ± 0.46 s. When the power density was 210.00 mW/cm2, the recovery time of ERG-b wave in rabbit
eyes was 8.72 ± 0.46 s. When the power density reached 1000.00 mW/cm2, the recovery time of ERG-b
wave in rabbit eyes was 19.76 ± 0.90 s, which was significantly higher than that in other groups, and the
difference was statistically significant (p < 0.01). The above results indicated that the recovery time of
ERG-b wave is positively correlated with the increase of power density when the FS of supercontinuum
laser was radiated to rabbit eyes under dark adaptation. However, when the power density increased from
2.50 mW/cm2 to 1000.00 mW/cm2, the power density increased by 400 times, while the rabbit eye ERG-b
wave recovery time only increased from 2.84 s to 19.76 s, which increased by approximately 7 times. This
indicated that, with the significant increase of the power density of dazzling laser, the recovery time of
ERG-b wave in rabbit eyes showed a trend of slow increase. When the power density of dazzling laser
was higher than 12.00 mW/cm2, and the recovery time of ERG-b wave was higher than 4 s, therefore it
also had a good dazzling effect.

4) Effect of the recovery time of ERG-b wave in rabbit eyes with the FS-1 on under dark adaptation
Under dark adaptation, when the IS of supercontinuum laser radiated the rabbit eye for 0.1s, and the
change of ERG-b wave recovery time with power density in the rabbit eye is shown in Fig. 2. When the
power density was between 0.06–0.24 mW/cm2, the recovery time of ERG-b wave was less than 1 s.
When the power density was 0.45 mW/cm2, the recovery time of ERG-b wave in rabbit eyes was 1.71 ±
0.63 s. When the power density was 4.60 mW/cm2, the recovery time of ERG-b wave in rabbit eyes was
4.50 ± 0.94 s. When the power density reached 93.30 mW/cm2, the recovery time of ERG-b wave in rabbit
eyes was 9.82 ± 1.53 s, which was significantly higher than that in other groups, and the difference was
statistically significant (p < 0.01).
The above results indicated that the recovery time of ERG-b wave was positively correlated with the
increase of power density when the IS of supercontinuum laser irradiates the rabbit eye under dark
adaptation. The power density of dazzling laser was higher than 4.6 mW/cm2, and the recovery time of
ERG-b wave was higher than 4 s, therefore it also has good dazzling effect.

5) Effect of the recovery time of ERG-b wave in rabbit eyes with the FS-2 under dark adaptation
Under dark adaptation, when the FS of supercontinuum laser radiated the rabbit eye for 0.1s, the change
of ERG B-wave recovery time with power density in the rabbit eye is shown in Fig. 6. When the power
density was between 0.03 and 0.70 mW/cm2, the recovery time of ERG-b wave was less than 2 s. In the
range of 1.10-3.00 mW/cm2, the average recovery time of ERG B-wave in rabbit eyes was 2.26 s, and
there was no statistical difference among all groups. When the power density was 5.00 mW/cm2, the
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recovery time of ERG-b wave in rabbit eyes was 3.81 ± 0.11 s. When the power density was 23.40
mW/cm2, the recovery time of ERG-b wave in rabbit eyes was 5.27 ± 0.10 s. When the power density
reached 40.00 mW/cm2, the recovery time of ERG-b wave in rabbit eyes was 6.06 ± 0.19 s, which was
significantly higher than that in other groups, and the difference was statistically significant (p < 0.01).
The above results indicated that the recovery time of ERG-b wave can also be prolonged with the increase
of power density when the FS-2 of supercontinuum laser was radiated to rabbit eyes under dark
adaptation, and there was a positive correlation. The power density of dazzling laser was higher than
5.50 mW/cm2, and the recovery time of ERG-b wave was higher than 4 s, therefore, it also had a good
dazzling effect.

4 Discussions
Currently, ERG is the most commonly used method to study the biological effects of laser dazzling. The
experimental animals, which are like human eyes, are rabbits and rhesus monkeys. It is objective,
quantitative and simple to evaluate the effect of laser dazzling by recording the time required for the
recovery of the ERG-b wave of the retinal response to the flash stimulus after laser radiation [25]. Here, we
found that, the recovery time was positively correlated with the radiation dose in a certain range, and the
amplitude gradually returned to the pre-radiation level with the radiation time. The dazzling effect caused
by laser flash did not cause organic damage to the eye tissue. Research on the biological effects of laser
dazzling provides the biological experimental basis on equipment finalization and efficiency evaluation
of laser dazzling device or some other application of lasers, and then the direct evaluation method based
on the retinal ERG can provide direct information of eyes’ dazzling effect.
In this experiment, the VS, IS and FS of supercontinuum laser were used to irradiate the eyes of rabbits,
and the damage of fundus was examined through ophthalmoscope, so as to analyze the upper limit of
safe power density of each spectrum band of the laser without causing the damage of rabbit eyes. The
experimental results showed that under the condition of dark adaptation, each spectral band of the
supercontinuum laser was radiated for 0.25 s. The upper limit of safe power density without damage in
fundus examination was 247.00 mW/cm2 for the VS, 194.00 mW/cm2 for the VIS, 1184.00 mW/cm2 for
the IS, and 1052.00 mW/cm2 for the FS, respectively. When the power density of the VS was higher than
289.00 mW/cm2, light white lesions or bleeding lesions were found in the fundus examination of rabbits,
and when the power density of the FS was up to 1530 mW/cm2, there was bleeding lesions in the fundus
examination of rabbits.
The results of pathological experiments showed that under dark adaptation, the radiation of the VS, IS
and FS of supercontinuum laser at the upper limit of safe power density with the radiation duration of
0.25 s would not cause the visible damage under the ophthalmoscopic examination, while it would cause
pathological changes of the microscopic structure of the retina of the rabbit eye. It may lead to local
uplift, uneven thickness of internal and external nuclear layers, disordered arrangement of internal and
external nuclear layers, local inflammation and other problems. Accurate security dazzling power density
Page 9/16

limit also need further study, which did not lead to retinal pathological microstructure change. While,
when maximum power density decreased from 0.1 to 0.5 times, according to the conventional evaluation
methods, it would not cause pathological changes in the microstructure. Therefore, as a preliminary study
result, before further experimental studies, the reference value of the upper limit of safe power density
under dark adaptation on the premise of giving priority to the principle of safety can be set as: 24.70
mW/cm2 in the VS, 19.40 mW/cm2 in the VIS, 105.20 mW/cm2 in the FS, and 118.40 mW /cm2 in the IS.
The results of visual electrophysiological evaluation showed that under the condition of dark adaptation,
the recovery time of ERG-b wave was less than 0.5 s when the dazzling radiation duration was 0.1 s, and
the recovery time of ERG-b wave was only approximately 0.8 s when the power density of
supercontinuum laser infrared spectrum was less than 521.00 mW/cm2, and the power density was as
high as 628.00 mW/cm2. The dazzling effect was very weak, so the spectrum band cannot be used as a
dazzling spectrum segment; when the power density of the visible spectrum was 17.00 mW/cm2, it was
close to the upper limit of the safe power density of 24.70 mW/cm2, and the recovery time of ERG-b wave
was approximately 5.6 s. Therefore, this spectrum band had a good dazzling effect. When the power
density of the FS was 117.00 mW/cm2, it was slightly higher than the upper limit reference value of the
safe radiation power density of 105.20 mW/cm2, and the recovery time of ERG-b wave was
approximately 7.5 s, which is longer than that of the visible spectrum segment. Therefore, the spectrum
band had a better dazzling effect. When the power density of FS-1 was 4.60 mW/cm2, the recovery time
of ERG-b wave was approximately 4.2 s, and when the power density of FS-2 was 5.50 mW/cm2, the
recovery time of ERG-b wave was approximately 4.5 s. Therefore, both two spectral bands had good
dazzling effect. If the recovery time of ERG-b wave was up to 4 s, the power density of the dazzling laser
in the VS of supercontinuum laser was approximately 8.00 mW/cm2, it is approximately 12.00 mW/cm2
in the FS, it was approximately 4.60 mW/cm2 in the FS-1, and it was between 5.00-5.50 mW/cm2 in the
FS-2. According to the dazzling effect, under dark adaptation, the dazzling effect of the FS-1 and the FS-2
was stronger, and the dazzling effect of the FS-1 was slightly stronger than that of the FS-2, which was
obviously stronger than that of the FS. The dazzling effect of the VS is between the three, while the
dazzling effect of the IS basically has no dazzling effect.

5 Conclusion
In summary, we investigated and evaluated the laser dazzling effect with ERG-b wave. Results suggested
that, under dark adaptation, when the VS, FS, FS-1 and FS-2 of supercontinuum laser radiated rabbit eyes,
it could make the recovery time of rabbit eyes ERG-b wave more than 4 s, all of them had a good dazzling
effect, and the dazzling effect strengthened and increased with the radiation power density, while when
the IS of supercontinuum laser radiated rabbit eyes ERG-b back quickly after the wave was interference,
hence there is no dazzling effect. Under dark adaptation, the upper limit of safe power density radiated by
each spectral band of supercontinuum laser will cause changes in the structure of retina. Security should
be a priority in practical application. The reference value of the upper limit of safe power density under
dark adaptation on the premise of giving priority to the principle of safety can be set as: 24.70 mW/cm2
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in the VS, 19.40 mW/cm2 in the VIS, 105.20 mW/cm2 in the FS, and 118.40 mW /cm2 in the IS. Both the
full spectrum and the visible spectrum showed a good dazzling effect at the above radiation doses.
These results provide a good biological basis for the application of supercontinuum laser dazzling.

Declarations
Availability of data and materials
The datasets used during the current study are available from the corresponding author upon reasonable
request.
Funding
This work was supported in part by National Natural Science Foundation of China (NSFC) (No.
81901907) and China Postdoctoral Science Foundation (No. 2018M643846 and No. 2019T120982).
Competing interests
The authors declare that they have no competing interests.
Acknowledgements
Authors sincerely thank Prof. Ruiyun Peng and Prof. Yufang Cui for helping assistant to analyze the
histology of eye injuries induced by the laser.
Authors' contributions
Dr. Yingwei Fan participated in animal experiments, collected and analyzed the data and was a major
contributor in the writing of the manuscript. Ms. Qiong Ma participated in animal anatomy work, collected
and analyzed the data. Ms. Jie Liang and Prof. Zhenkun Luo participated in animal experiments. All
authors read and approved the final manuscript. Dr. Yingwei Fan and Prof. Hongxiang Kang contributed
to the study design and data analyses and revised the manuscript.
Ethical Approval and Consent to participate
Not applicable.
Consent for publication
Not applicable.

References
1. M. Vandewal, M. Eeckhout, D. Budin, A. Pétriaux, C. Perneel, C. A. Williamson, and C. N. Santos.
"Evaluation of laser dazzling induced task performance degradation", Proc. SPIE 10797,
Page 11/16

Technologies for Optical Countermeasures XV, 107970E (2018)
2. Marshall W J, Sliney D H. Transient visual effects and laser safety standards. Journal of
Radiological Protection, 17, 229 (1997).
3. Liu, GD., Wang, N., Wang, HM. et al. Military medical research on internal diseases in modern warfare:
new concepts, demands, challenges, and opportunities. Military Med Res 8, 20 (2021).
4. Craig A. Williamson, Leon N. McLin, Michael A. Manka, J. Michael Rickman, Paul V. Garcia, and Peter
A. Smith, "Impact of windscreen scatter on laser eye dazzle," Opt. Express 26, 27033-27057 (2018)
5. Elizabeth Sibolboro Mezzacappa. Human Subject Research Protection Ethics in the Research and
Development (R&D) of Non-lethal Weapons. Journal of Military Ethics 19:3, 241-258 (2020).
6. Oliver J. Freeman, Craig A. Williamson. Visualizing the trade-offs between laser eye protection and
laser eye dazzle. Journal of Laser Applications 32:1, 012008 (2020).
7. Richardson K J. Evaluation and design of non-lethal laser dazzlers utilizing microcontrollers.
University of Kansas, 2012.
8. Klimczak M., Siwicki B., Heidt A., et al. Coherent supercontinuum generation in soft glass photonic
crystal fibers. Photonics Research, 5(6):710 (2017).
9. Fan, Y., Ma, Q., Xin, S., Peng, R. and Kang, H. Quantitative and qualitative evaluation of
supercontinuum laser-induced cutaneous thermal injuries and their repair with OCT images. Lasers
Surg Med, 53: 252-262 (2021).
10. Fornaini C, Sozzi M, Merigo E, Pasotti P, Selleri S, Cucinotta A. Supercontinuum source in the
investigation of laser-tissue interactions: “ex vivo” study. J Biomed, 2:12-19 (2017).
11. Pedram Abdolghader, Adrian F. Pegoraro, Nicolas Y. Joly, Andrew Ridsdale, Rune Lausten, François
Légaré, and Albert Stolow, "All normal dispersion nonlinear fibre supercontinuum source
characterization and application in hyperspectral stimulated Raman scattering microscopy," Opt.

Express 28, 35997-36008 (2020)
12. Yang, H.K., Kim, M., Lee, SJ. et al. Conjunctival cystectomy assisted by pattern scan laser
photocoagulation. Military Med Res 4, 22 (2017).
13. Oliver J. Freeman and Craig A. Williamson, "Visualizing the trade-offs between laser eye protection
and laser eye dazzle", Journal of Laser Applications 32, 012008 (2020).
14. M. D. Reddix, M. E. Funke, L. M. J. Kinney, J. L. Bradley, G. Irvin, E. J. Rea, C. K. Kunkle, M. B. Mccann,
and J. Gomez, “Evaluation of aircrew low-intensity threat laser Eye protection,” Mil. Med. 184, 593–
603 (2019).
15. Gunnar Ritt, Bastian Schwarz, and Bernd Eberle "Preventing image information loss of imaging
sensors in case of laser dazzle," Optical Engineering 58(1), 013109 (2019).
16. Fang Qian, Jin Guo, Tao Sun, Tingfeng Wang, Quantitative assessment of laser-dazzling effects
through wavelet-weighted multi-scale SSIM measurements, Optics and Laser Technology, 67, 183191(2015)

Page 12/16

17. Craig A. Williamson, J. Michael Rickman, David A. Freeman, Michael A. Manka, and Leon N. McLin,
"Measuring the contribution of atmospheric scatter to laser eye dazzle," Appl. Opt. 54, 7567-7574
(2015)
18. Run Gao, Chun-hui Niu, Xiao-ying Li, Hao Meng, Yong Lv, Experiment and analysis of dazzling effect
on CCD detector by He-Ne laser, Optik, 127(20): 9840-98472016.
19. Brandli, A., Stone, J. Using the Electroretinogram to Assess Function in the Rodent Retina and the
Protective Effects of Remote Limb Ischemic Preconditioning. J. Vis. Exp. 100, e52658 (2015).
20. Cheryl Dawn DiCarlo, Harry Zwick, Heike Rentmeister-Bryant, James M. Sankovich, Araceli
Brown, Andres Grado, Ronald J. Dicks, Andre Akers, and Bruce E. Stuck "Multifocal
electroretinography: a functional laser injury metric", Proc. SPIE 4953, Laser and Noncoherent Light
Ocular Effects: Epidemiology, Prevention, and Treatment III, (2003).
21. Liu KG, Peng XY, Zhang Z, Sun H, Yang DY, Wang NL. Reduction on OFF-responses of
Electroretinogram in Monkeys with Long-term High Intraocular Pressure. Chin Med J (Engl).
130(22):2713-2719 (2017).
22. Ye, H., Yu, M., Lu, L. et al. Electroretinogram evaluation for the treatment of proliferative diabetic
retinopathy by short-pulse pattern scanning laser panretinal photocoagulation. Lasers Med Sci, 33,
1095–1102 (2018).
23. Schechner R, Gdal-on M, Cohen D, Meyer E, Zonis S, Perlman I. Recovery of the electroretinogram in
rabbits after argon laser photocoagulation. Invest Ophthalmol Vis Sci. 1987 Sep; 28(9):1605-13.
24. Khojasteh H, Amini Vishte R, Mirzajani A, et al. Electroretinogram Changes Following Sequential
Panretinal Photocoagulation for Proliferative Diabetic Retinopathy. Clinical Ophthalmology

(Auckland, N.Z.). 14:967-975 (2020).
25. Odom J V, Bach M, Brigell M, et al. ISCEV standard for clinical visual evoked potentials: (2016
update). Documenta Ophthalmologica, 133(1): 1-9 (2016).

Figures

Figure 1
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(a) The optical path of a supercontinuum laser visible spectrum illuminating an experimental animal's
eyes; (b) Electroretinogram (ERG) of the eyes. 1. Laser; 2. Fiber; 3. Coupler; 4. Laser output; 5. Beam
expander; 6. Electrical shutter; 7. Diaphragm; 8. Beam splitter; 9. Power meter; 10. The rabbit eyes.

Figure 2
Pathomorphological changes of rabbit eye injuries induced by each spectrum band of supercontinuum
laser under dark adaptation (VS: A1: The retina was structurally altered with local eminence; A2: The
internal and external nuclear layers were disordered; A3: The internal and external nuclear layers were
disordered and irregular in shape; VIS: B1: There was local exudation, and the thickness of inner and outer
nuclear layer was uneven; B2: The retina was structurally altered with local eminence; B3: There was a
local inflammatory exudation; FS: C1: The retinal structure changes, the inner and outer nuclear layer
thickness was not uniform; C2: There were structural changes in the retina with local inflammatory
exudation; C3: The retina was structurally altered with local eminence)
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Figure 3
Effect of the recovery time of rabbit eye ERG-b wave with the VS under dark adaptation

Figure 4
Effect of the recovery time of ERG-b wave in rabbit eyes with the FS under dark adaptation
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Figure 5
Effect of the recovery time of ERG-b wave in rabbit eyes with the FS-1 under dark adaptation

Figure 6
Effect of the recovery time of ERG-b wave in rabbit eyes with the FS-s under dark adaptation
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