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Abstract

Objective In laser surgery of Ota’s nevus, the hyperplastic melanin particles in dermis explosively break up under
high-power laser irradiation. However, laser energy can also be absorbed by normal melanin in epidermis, which
necessitates pre-cooling to prevent the thermal damage of epidermis. Cryogen spray cooling (CSC) with short spurt
duration (< 100 ms) using R-134a and R-404A cryogens has a high clinical potential to assist laser surgery of Ota’s
nevus, which has been successfully used in the laser treatment of port-wine stain (PWS) birthmarks. But the
blindingly high global warming potential (GWP) value (1430 for R-134a, and 3850 for R-404A) necessitates the
substitution of a new cryogen. Also, the cooling capacity is needed to enhance, and the residence time of liquid films
should be shortened to avoid laser attenuation and skin infection during laser surgery of Ota’s nevus. R-32 cryogen
with a low boiling point, high latent heat and a low GWP is a possible substitution of R-134a and R-404A.
Nevertheless, the cooling performance and light absorption during R-32 spray, as well as the complicated interaction
mechanism between spray and lasers remain unknown. The investigation on the cooling performance and light
attenuation dynamics is urgent to evaluate the clinical potential of R-32, and provides precise theoretical guidance for
cooling parameter optimization in clinics.

Methods A transient CSC facility is constructed to evaluate the cooling performance and laser energy attenuation
induced by R-134a, R-404A, and R-32 sprays. To avoid the spatial interference between spray and the vertically
irradiated laser, the cryogen is spurted obliquely on the surface with an inclined angle of 60°, which is similar to that
of clinical-used Vbeam™ laser equipped with a dynamic cooling device (DCD). The spray distance and spurt duration
are set as 30 mm and 50 ms by a three-dimensional translational electric positioner and a fast response solenoid
valve. A thin-film type-T thermocouple ( TFTC) deposited on the epoxy resin is employed to measure surface
temperature. After obtaining the temperature variation, the surface heat flux is computed using the Duhamel
theorem. The agar skin phantom with similar absorption and scattering properties of human skin is elaborately
prepared to measure the dynamic laser energy attenuation under the clinical-used 755-nm and 1064-nm laser
irradiation. The transmitted laser energy is collected by the integrating sphere connected with a pre-calibrated silicon
photodiode. The light transmittance is calculated by the ratio of laser energy measurements taken before and after
CSC. The liquid film deposition and frost formation on the skin phantom surface are recorded by a high-speed camera
using the scattering illumination method. The control and data collection are implemented by the national instruments
data acquisition (NI-DAQ) board and the self-code LabVIEW program.

Results and Discussions The cooling performance highly depends on cryogens. The minimum surface
temperatures reach —46.1, —57.9 and —63.7 C, and the maximum surface heat flux values are 294.9, 377.4 and
519.0 kW/m’ for R-134a, R-404A and R-32, respectively (Figs. 3 and 4). The maximum surface heat flux of R-32
increases by 79.5% and 37.5%, as compared with those of R-134a and R-404A. The similarity in dimensionless
surface heat flux values for R-134a, R-404A, R-407C and R-32 is observed based on the dimensionless analysis
(Fig. 5). A general transient surface heat flux correlation for four cryogens is proposed by correlating spray Biot
number (B; ) and Fourier number ( F,,). Transient cooling can be divided into two stages, namely, fast boiling
cooling (F ./ F ...<<1) and film evaporation cooling ( F',,/ F . ... 1) . Three distinct stages, namely, the scattering
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by droplet (<86 ms), liquid film absorption (86 ms <t << 448 ms), and scattering by frost (t>>448 ms) are
observed during and after CSC (Fig. 6). Most of the laser energy is attenuated in the stage of frost formation. For
three cryogens, the laser attenuation is the least under R-32 spray cooling because of the fast evaporation of liquid
films (Fig. 7). When t>63 ms, light attenuation is less than 6% during R-32 spray cooling under 1064-nm laser
irradiation (Fig. 8).

Conclusions R-32 with a low boiling point, high latent heat and a low GWP is promising to resplace R-134a and
R-404A with high GWPs. Whereas the clinical potential in terms of cooling performance and laser attenuation is
needed to be evaluated, and the complicated interaction mechanism between spray and lasers is urgent to be
understood to optimize cooling parameters for clinicians. In this paper, the cooling performance and laser attenuation
for R-134a, R-404A and R-32 are compared using the well-constructed transient CSC facility. Results demonstrate
that three distinct stages of scattering by droplet, liquid film absorption and scattering by frost occurs in the variation
of light transmittance. R-32 has the maximum surface heat flux (519.0 kW * m ?), the shortest liquid film residence
time (142 ms), and the least light attenuation under the irradiations of 755-nm and 1064-nm lasers owing to the low
boiling point and large latent heat. The strong cooling capability, short liquid film residence time and small light
attenuation of environment-friendly R-32 imply its good clinical application potential. But the clinical safety and
feasibility of R-32 still requires the validation of clinical trials in patients, because of the absence of medical

cryogens.

Key words medical optics; transient spray cooling; laser treatment of Ota’s nevus; R-32; cooling performance;
laser energy attenuation
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