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Natural photonic structures offer new opportunities to explore the physics

of light–matter coherence in living systems. Here we demonstrate laser emission

from structurally ordered iridophores of neon tetra (Paracheirodon innesi) fish,

where periodic guanine platelets act as naturally occurring photonic crystals.

When doped with fluorophores and optically pumped, these iridophore arrays

exhibit directive, polarized coherent emission with characteristic spectral shifts

and mode competition. The emission patterns reveal the role of intra- and inter-

cellular heterogeneity in shaping coherence, while a theoretical model based on

structure–gain overlap and group-velocity delay reproduces key experimental

features. These results identify neon tetra iridophores as a biological platform

for coherent light generation, bridging natural photonics found in underwater

vertebrates and laser physics which suggests new pathways for bio-inspired optical

devices.
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Many biological materials interact with light via local mismatches in refractive indices on the

optical wavelength scale. (1, 2) Some biological materials such as bone surfaces (3) or leu-

cophores (4, 5) scatter light in arbitrary directions with little chromaticity or specular reflectance.

Other light-interacting biological materials can have special light scattering characteristics, notably

eye lenses (6, 7). Many animals have developed specialized cells and light scattering structures

(for one example, melanophores (8)) relevant for their individual fitness and viability in their

environment. Many fish species host a variety of color-generating chromatophores that contain

small-molecule chromophores which absorb certain wavelength ranges to yield a subtractive color,

e.g., xanthophores, erythrophores, and cyanophores. (9)

Iridophores are color cells commonly found in fish that have structural and birefringent prop-

erties that produce an iridescent sheen. (10, 11) Fish iridophores generally contain guanine crystal

platelets separated by layers of cytoplasm. Aperiodic systems reflect light from high refractive

index contrasts without wavelength-dependent interference, which results in a “silver” appear-

ance. (12–15) Uniform platelet thicknesses and periodic spacing results in a cell with colorful irides-

cence. (16) This article focuses on the latter, specifically for the tunable neon tetra (Paracheirodon

innesi) iridophores, (17–19) where a distribution of guanine platelets in the iridophores can lead to

directed emission of coherent light from photons generated inside the gain-augmented cytoplasm

layer. Most research into coherent light generation caused by optical feedback inside a biological

system have focused on random scattering paths which result in random laser modes (20–22) or

cyclical structures that result in whispering gallery laser modes. (23–25) Laser emission from Indian

peafowl tail feathers was recently reported, (26) where the highly conserved laser emission modes

were produced throughout the color regions of the eyespot. Here we present the first known case

of laser emission generated from the periodicity of photonic crystals found in fish iridophores. The

directive gain, laser array characteristics, and polarization of coherent emission from fluorophore-

doped neon tetra iridophores is investigated with an interest in gaining a deeper understanding of

the periodicity of naturally occurring photonic crystal structures.
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Optical specifications and experimental protocol

Samples were prepared as described in the supplement, consisting of dye-infused dermis. After

sample preparation, excess internal tissue was removed which allowed the skin’s color stripe to lay

in a horizontal plane while on the center of the sample stage. The aluminum sample stage was fitted

with a water cooling system cycled through an ice water bath which held the stage at approximately

4◦ C. The apparatus and sample stage’s center was marked through an alignment process. An optical

parametric oscillator was used as the external laser source to pump the iridophore laser arrays. The

pump wavelength was set to 470 nm with a 3 ns pulse duration and operated at a 10 Hz repetition

rate. An automated half-wave plate and polarizer combination controlled the laser power.

The beam profile was reshaped with a two-lens collimation method with the matched focal

point located at the center of a pinhole with a 300 𝜇m diameter, which is shown in Figure S1(a).

The beam was then redirected through a vertical path and focused on the sample from above with

a 250 mm focal length lens. The full-width half-maximum (FWHM) of the Gaussian beam profile

was measured to be 400 𝜇m for the wavelength-dependent, spectral directive gain density scans as

shown in Figure S1(b). A shutter was opened for ∼ 100 ms at each angular observation position

which allowed one pump pulse to be measured. An Ocean Optics USB4000 recorded the emission

spectrum after passing through the lens tube system coupled to a 750 𝜇m-core, step-index, optical

fiber.

Resonance, spectra, and power dependence of coherent emission

Amplification of coherent light occurs when, on average, the photons in a set of modes interact with

excited molecules causing them to undergo stimulated emission into those very modes. This process

is enhanced by constructive feedback enabled by a cavity or some other optical structure. Even in

a highly concentrated system of dopant fluorophores, a population inversion density will not occur

if the excited-state population is low. In such a system, an excitation (“pump”) of sufficiently low

intensity will result in incoherent emission of pure fluorescence. The spectral directivity scanner (27)

measures the scanned-area directive gain, 𝐷SA (𝜙, 𝜃), as a function of pump intensity and output

wavelength. The directive gain of incoherent fluorescence emitted from the tuned, iridescent, color

stripe on the lateral side of neon tetra skin is shown in Figure S3. The near isotropic emission
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with a slight preference of emission towards the dorsal region is statistically identical to that of

an incoherent fluorescence associated with the stained extracellular matrix, but the directional

emission observed is due to the optical participation of the iridophores.

To increase the number of excited fluorophores over their few-nanosecond lifetime, one must

at minimum increase the pump energy per pulse. Simply increasing the pump beam is usually

not enough in these systems, where tuning the iridophores is an important step. Figure S4 shows

emission spectra while increasing the pump beam well above the threshold of resonance-tuned

iridophores that match a fluorescein gain envelope with the detector at 𝜃 = 60◦ and 𝜙 = 0◦. The

emission spectra as a function of pump fluence per pulse shown in Figure S4 portray fully incoherent

emission as well as some coherent emission from broadly tuned array elements. Dramatic spectral

shifts are observed in the broadly tuned arrays.

There are two transient behaviors that the dye-doped iridophores undergo while being pumped

with high energy pulses, 1) transient deformations (response) and 2) photodegradation. Emission

spectra are shown in Figure 1(a) while being pumped at a pulse energy of 380 𝜇J. The first recorded

spectrum starts with a peak centered at ∼ 530 nm. After many pulses, the emitted energy associated

with the first peak is transferred to a second peak centered at ∼ 547 nm. A three-Gaussian fit was

performed on all data sets to investigate the transient redshift in spectral profile. A broad peak was

used to approximate the background fluorescence while two narrower peaks fit the coherent light.

Figure 1(b) shows the fit after the first pulse while Figure 1(c) shows the fitted spectrum after the

60th pulse.

Integrating under the full spectral curve estimates the total fluorescence output in that direction.

Figure 1(d) shows the area under each of the two narrower Gaussian peaks that model the coherent

emissions, which is proportional to the intensity for each mode. The intensity of the short wavelength

peak approaches zero as the pulse count increases while the area under the long wavelength

Gaussian increases. For a relatively few number of pulses, the long wavelength peak is too weak to

fit which results in large uncertainties for the fit parameters shown in Figures 1(d-f). Likewise, the fit

parameters for the short wavelength peak show large uncertainties after many incident pump pulses.

Note that the pulse energy in this case is relatively high, where the absorbed shot energy causes

an irreversible heat-induced separation of the guanine plates which results in the observed redshift

of the resonance. When either peak is well-defined, the full-width at half maximum (FWHM) is
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∼ 8 nm as shown in 1(e). In addition to the mode hopping of emission energy, Figure 1(f) shows

the center wavelength shifting towards the red end of the spectrum.

Figure 2(a) shows the recorded spectrum from the iridophore laser array as a function of pump

intensity. By comparing the emission specta shown in Figure S4, for untuned (and partially tuned)

iridophore arrays, to the results shown in Figures 2(a) and S5 for tuned iridophore arrays, it is clear

that coherent emission only occurs when there is cavity feedback from a well-tuned iridophore

array. The area under the Gaussian curve fit to the coherent laser emission from the iridophore laser

array as a function of pump energy is shown in Figure 2(b). The threshold energy can be converted

to per pulse fluence based on the beam radius measured at a power of 1/𝑒2 relative to the peak

power, which can then be converted to pump intensity using the pulse’s measured temporal width.

This leads to an approximate threshold intensity of ∼ 10 MW/cm2 with the curvature of the fitted

line in Figure 2(b) incorporating the 2 MW/cm2 uncertainty from post threshold dispersion of the

array from Equation S3.

Figure 2(d) shows the FWHM of the coherent emission from the iridophore laser array. There are

two heterogeneous scales in the iridophore laser array that can have a negative impact on the ability

to produce laser light at low-threshold with high temporal coherence. The first is intra-iridophore

heterogeneity, where the confocal microscope images of Figure S2 show that the enlongated iri-

dophores have regions that are less reflective to specific laser wavelengths. Heterogeneous structures

at this scale reduce the resonator length for coherent light emission while allowing intercavity cross

talk. One would anticipate a lower threshold for highly periodic guanine crystal spacings over the

entire length of the iridophore. The long-range heterogeneity occurs between iridophores, where

each iridophore is out of tune with neighboring iridophores. The beam divergence from OPO and

the far-field experimental design limits the beam diameter to 400 𝜇m. It is apparent from Figure

S2 that many iridophores can be densely packed into a beam spot with a diameter of 400 𝜇m

(measured as FWHM), where multiple iridophores are maximally pumped at the same time. Line

broadening associated with the heterogeneous laser arrays is clearly indicated by both the relatively

wide FWHM shown in Figure 2(d) and the shot-to-shot variation of the peak wavelength observed

in Figure 2(c).
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Directive gain and polarization

As shown in Figure 3(a), when the pump beam was set far above the coherent emission threshold,

∼ 350 𝜇J, a coherent emission directive gain pattern emerged. The incoherent light emission in

Figure S3 shows broad and uniform cones of light whereas the directive gain pattern from Figure

3(a) indicates stronger directive gain oriented away from the ventral region. Note that Figure 3(a) is

determined from spectra during a second scan of the same area, after transient spectral deformations

have subsided. Spectra from the scan are shown in Figure S7(a-d). The directive gain of the initial

scan is shown in Figure S6(a), where transient spectral deformations can be observed in the initial

scan spectra provided in Figure S6(b-e).

The “hot spot” in the directive gain map of Figure S6(a) appears more pronounced at 𝜃 = 30◦

and 𝜙 = 0◦ than in later scans shown in Figure 3(a). The spectrum has the largest transient behavior

that can affect the scan, and photodegradation also contributes to the changes as previously shown

in Figure 1. For these reasons, the scan direction was reversed (starting at a polar angle of 𝜃 = 80◦. to

𝜃 = 30◦). The general azimuthal pattern was recovered for each polar angle position. The same trend

in polar angle dependence was also recovered; however, the magnitude changes in the scanned-area

directive gain was slightly reduced.

Even when constructed with amorphous materials, the light reflected from photonic crystal

structures is polarized. For even simple flat substrates, highly polarized light is most notable at

oblique angles. Additionally, the photonic crystal structures in neon tetra iridophores contain gua-

nine crystal platelets, which have significant uniaxial birefringence. (28) Therefore, the polarization

dependent, scanned-area, spectral directive gain density was also measured by placing a polarizer

in front of the detector. Two polarization orientations, 𝜃 and 𝜙, of the emission were recorded.

The scanned-area, directive gain for the emission polarized along the polar coordinate (𝜃-

direction) is shown in Figure 3(b). There is an increase in the directive gain towards the dorsal

region when the 𝜙 polarization is filtered out of the emitted light. Figure S7(e-h) show emission

spectra at different azimuth and polar angles. There is a well-defined peak associated with spatially

coherent light emission. The overall range in directive gain for the 𝜃 polarization is increased

as compared to the unfiltered results shown in Figure 3(a). The level of noise associated with

the Figure S7(e-h) spectral data is large compared to the unpolarized cases which shows that the
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intensity of the 𝜃 polarized light is weaker. Figure 3(c) shows the directive gain for the 𝜙 polarized

coherent emission, where Figure S7(i-l) gives spectra for angular sweeps of interest. In this case

the dominant emission lobe is directed towards the anterior while a weaker lobe is oriented in the

posterior direction.

Model of structural modulation for coherent emission

We now describe and evaluate a rudimentary theoretical model of the structure-fluorescence rela-

tionship that appears to be imprinted on the experimental data sets in this study. The model has the

following critical inputs; the angle of repose of the guanine plates in the iridophores, the wavelength

of the peak of the gain envelope of the dye in an aqueous environment, the orientational order of the

doped iridophores in the fish epidermis, and the birefringence of the guanine plates. Less critical

but also included in the simulations (in at least an approximate way) is the number of guanine

plates in each iridophore, the dispersion in the order parameter of the iridophore orientations, the

magnitude of the structural disorder inside of an iridophore, the input polarization and the angular

acceptance and repeatability of the detector/apparatus and the gain value used.

The contribution to coherent fluorescence of the emission we model through a Born approxima-

tion inspired model in which the norm of the structure factor of a dye-infused iridophore, evaluated

at the peak of the gain envelope is first used to compute a gain rate for each output direction.

The gain rate is then multiplied by the “time scattering in the iridophore” to get a dimensionless

Figure-of-Merit (FOM) for that spatial mode. Our supposition is that the computed FOM should

have the same systematics as that of light amplification in an isolated iridophore.

Throughout we refer to ®𝑘 as the vacuum wavevector of a mode. The gain rate for that mode is

proportional to the norm of the structure function’s imaginary part, where the structure function

is being evaluated at 2®𝑘 . It is straightforward to show that this corresponds to the volumetric

overlap of the ®𝑘-wave antinodes with the gain medium. The time a mode spends in the iridophore

is proportional to the derivative of the structure function’s phase at ®𝑘 with respect to dilations of

the inverse wavelength | ®𝑘 |,

𝑡 = 𝑙/𝑣𝑔 = 𝑙/( 𝜕𝜔
𝜕𝑘

) = 𝑙
𝜕𝑘

𝜕𝜔
=

𝜕𝜙

𝜕𝜔
=

1
𝑐

𝜕𝜙

𝜕𝑘0
(1)

where 𝜙 = 𝑙 | ®𝑘 | is the phase accumulated scattering out of the structure, 𝑘0 is the norm of the
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vacuum propagation vector of a photon of frequency 𝜔, and 𝑣𝑔 is the group velocity.

The Fermi Golden Rule (FGR) computes a rate as a product of a transition matrix element

squared and a phase space factor. For a simple electric dipole transition the matrix element for a dye

particle to decay (spontaneous or stimulated) is proportional to the product of the nascent wave’s

local electric field and the excited state wavefunction. The norm square of this matrix element then

is proportional to the spatial integral of the square of the local electric field and the density of

dipoles in the medium, i.e. what we are referring to above as the gain rate.

For a complex spatial gain map, as suggested by the FGR, we compute the FOM as the product

of 𝑅(𝜆), the volumetric overlap of the mode’s antinodes with the gain map and the 1
𝑐
𝜕𝜙
𝜕𝑘 where 𝜙 is

the scattering phase shift computed in the Born approximation,

FOM =
𝑅 (𝜆)
𝑐

𝜕𝜙

𝜕𝑘0
(2)

A rigorous proportionality between this FOM and the expected dimensionless mode gain is derived

in the Supplemental document using a one-dimensional transfer matrix example.

An example plot of this FOM as a function of emission direction, is shown in the theory graphic

in Figure 4 for 565 nm output light. In that particular case the iridophore consisted of a stack of 32

plates, each 27 nm thick, parallel to each other and inclined to the vertical by 20◦. Each guanine

plate is birefringent with the an index of 1.85 in the plane and 1.45 out of the plane. The base of

each plate is displaced on average 940 nm from the next one, but in that simulation that interplate

distance varies ±15% randomly, but is fixed throughout the evaluation of the theory.

Figure 4 represents a single instance of this somewhat random plate stacking. Note that de-

creasing the inclination of the plates with respect to the vertical primarily pushes the emission arc

in these simulations closer to the horizontal. Most of the other features remain with 1) changes

in the inclination angle of the plates, 2) changes in the number of plates in an iridophore, and 3)

introduction of some randomness into the plate spacings. On the other hand, increasing the vertical

dimensions of the plates tends to reduce the spacing between latitudinal features, as increasing the

horizontal extent of each plate reduces the azimuthal distance between the fringes, all as expected

from an interference pattern. Finally, one finds that removing the birefringence on the simulated

platelets appears to reduce the overall dynamic range of the output across the field and contributes

to subtler patterns not discussed here. The computed patterns shown in Figure 4 do not depend
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strongly on the birefringence of the platelets.

The extent of brightening in the dorsal direction extends into large 𝜃 ∼ 𝜋/2 which indicates

that the guanine plate inclination is similarly limited. The bright arcs in the simulation appear

to contribute to this dorsal brightening. Also, comparing the angular-polarization structure of the

fluorescence, the 𝜃 polarization in the simulation includes a very bright contribution in the dorsal

direction. Also note that the simulations indicates that the 𝜙-polarized emission is significantly

brighter along the anterior-posterior axis than the 𝜃. These theoretical results resonate with experi-

mental data shown in Figure 3.

Conclusions

Coherent laser emission arising from the long-range periodicity of naturally occurring photonic

crystal structures in neon tetra iridophores has been demonstrated and characterized for the first time.

By doping the cytoplasm layers between guanine crystal platelets with fluorophores and optically

pumping the system, we observed directive gain patterns, polarization-dependent emission, and

pump-intensity–dependent thresholds that are consistent with laser arrays. Emission characteristics

such as transient spectral redshifts, mode competition, and broad linewidths highlight the role of

both intra- and inter-iridophore heterogeneity in shaping the coherence and stability of the laser

output.

The threshold is relatively high for a distributed feedback laser and closer to a random laser

threshold. Despite the high threshold, experimental observations of the well-defined and repro-

ducible directive gain point towards emission from an array of low cavity quality lasers. The

intra-iridophore heterogeneity both increases the linewidth and the laser threshold. The long-range

heterogeneity across the illuminated group of iridophores further increases the spectral width of

the emission. The fluence-dependent redshift of emission modes in Figure 1 indicates a strong

dependence on individual cavity resonances while the preference to emit near the two gain peaks

of fluorescein suggests poor cavity quality of individual emitters. The peak wavelength movement

shown in Figure 2(c) not only moves towards the red with increased fluence, but it also shifts in

either spectral direction between individual shots. The movement could indicate mode hopping of

a random laser, but the scenario of regions of iridophores across the entire array moving out of
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resonance as the entire curve is being redshifted while new iridophores are being tuned to begin

emitting laser light is more probable. There is a clear need for the iridophores to be tuned near the

peak of the gain envelope.

A theoretical model inspired by the Born-approximation for the structure factor captures the

essential connection between the microstructure of the iridophore’s guanine platelets and the angular

dependence of the coherent emission. In particular, the figure of merit (FOM) derived from gain

overlap and group velocity delay reproduces many of the general features of the experimentally

observed directive patterns as well as the polarization dependence. The comparison emphasizes

how birefringence, orientational order, and platelet inclination govern the directionality and modal

competition of emission in such natural photonic crystal arrays.

The experimental and theoretical results establish neon tetra iridophores as a soft biological

platform for directive coherent emission. The findings presented in this article point toward the

possibility of engineering bio-inspired photonic crystal laser arrays with tunable emission prop-

erties. Such systems could have applications in soft, compact, polarization-sensitive light sources

and offer new strategies for integrating naturally ordered structures into photonic technologies.
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(a)

(d)

(b) (c)

(e) (f )

Figure 1: (a) The plot shows changes in the observed emission spectrum when pumped with 380 𝜇J

laser pulses. Gaussian fits to the data after (b) 1 pulse and (c) 60 pulses show distinct coherent

emission peaks and a broad fluorescence curve. The (d) area, (e) FWHM, and (f) peak wavelength

were determined from fitting to each emission spectrum.
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(a) (c)

(b) (d)

Figure 2: (a) A sampling of emission spectra for various pump pulse energies. (b) The area under

Gaussian curves fitted to the coherent emission from a two-Gaussian fit as a function of pump

pulse energy. The (c) center wavelength and (d) FWHM of the Gaussian curves fit to the coherent

emission peak.

(a) (b)

10
0.0

10
0.4

10
0.8

10
1.2

10
1.6

S
c

a
n

n
e

d
-A

re
a

 D
ir

e
c

ti
v

e
 G

a
in

(c)

Figure 3: The scanned-area directive gain after integrating all spectra for light collected (a) without

a polarization filter, (b) through a polarizer oriented along the 𝜃-direction, and (c) through a polarizer

oriented along the 𝜙-direction.
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Figure 4: A theory evaluation of the figure of merit (FOM) for the amplification of the fluorescence

from a dye loaded cytoplasm inside an idealized iridophore as described in the text. (a) The total

FOM. (b) the component of the FOM polarized along the 𝜃-direction. (c) the component of the

FOM polarized along the 𝜙-direction.
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Materials and Methods

Live animals were used in this research with all procedures approved by the University of South

Florida Institutional Animal Care and Use Committee (IACUC protocol #IS00011971). Prior to

experimentation, the neon tetra (Paracheirodon innesi) were housed in a 40-gallon freshwater fish

tank. An image of two neon tetra in the tank are shown in Figure S1(c). The specimens were

removed from the tank and euthanized by placing then in a 0.3 wt.% eugenol colloidal mixture with

tank water for 60 seconds. After euthanasia, the spine was severed with a small scalpel incision.

The fish were then rinsed in the tank water. The fish were then submerged in a series of solutions

as follows:

• Solution 1 – 1:1 ratio of 10% formalin and tank water.

• Solution 2 – 3:7 ratio of 10% formalin and tank water with a 30 mM fluorescein salt content.

• Solution 3 – tank water with a 30 mM fluorescein salt content

The fish were bathed in solution 1 for 10 minutes. The fish were then immediately transferred

to solution 2 for one hour. After one hour soak, the fish is dorsal sectioned under a dissection

microscope to form two approximately equal-sized, asymmetric parts. We found that the ease of

sectioning improved due to stiffening of the carcass after the initial hour of fixation. The fish

were transferred back into solution 2 for another hour, where the additional time improved the

longevity of the color stripe. Note that neon tetra were found to be tuned postmortem through

the addition of monopotassium phosphate, but this tuning method was not used in this study

because 1) fluence-dependent, irreversible redshifting of the cavity resonance was observed at early

stages of experimentation and 2) the photobleaching rate of fluorescein was observed to increase

at concentrations necessary for tuning in DI water. The use of tank water allowed for a slight

postmortem increase in the resonant wavelength associated with the guanine platelet tilt which

tunes the iridophore color. This slight increase in resonant wavelength was well-suited for matching

the gain profile of fluorescein. After fixation, the fish were stored in solution 3 for at least 2 hours

and not more than 1.5 days.

The bidirectional-marked optical microscope image shown in Figure S1(d) was recorded with

a Canon EOS 5D Mark II mounted to the trinocular port on a BH-2 fluorescence microscope. The
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director (average rotation angle relative to a coordinate system axis) of the marked iridophores

was estimated to be 11.8◦ clockwise from the vertical direction. Another microscope image from

the same system is shown in Figure S2(c). The original mercury bulb for fluorescence imaging

was removed and replaced by a 24 V, 150 W halogen bulb. The bright-field image was taken after

passing the white light through a 50/50 beam splitter cube in the filter-block housing. The marks

illustrate the iridophores’ long axis. The two-dimensional orientational order parameter is defined

as 𝑄2D = 〈cos [2 (𝜃𝑖 − 𝜃𝑛)]〉, where 𝜃𝑛 and 𝜃𝑖 are the respective director and 𝑖th iridophore angle

measured clockwise from the vertical axis in the image plane. The microscope images were analyzed

to determine the order parameter, where the local iridophore networks illustrated a high degree

of orientation ordering with 𝑄2D ≈ 0.90 calculated for both optical microscope images. Laser

reflectance confocal microscopy was performed using an Olympus FV1200 at 488 nm and shown

in Figure S2(a) and Figure S2(b). The two-dimensional orientational order parameter from the

marked micrograph shown in Figure S2(a) was calculated to be 𝑄2D ≈ 0.90 whereas a significantly

lower order parameter from the other image was calculated, 𝑄2D ≈ 0.76, using Figure S2(b).

Transmission electron microscope (TEM) images of guanine platelets taken by a Hitachi

HT7700 are shown in Figure S1(e). Samples for TEM imaging were prepared by following the

approved euthanization procedure. The carcasses were then descaled and the color stripe was re-

moved. The color stripe was then frozen and thawed followed by centrifugation at 10, 000 rpm for

10 minutes. The supernatent was removed from the conical centrifuge tube and 20 𝜇L of DI water

was added to the pellet. The freezing, thawing, and then centrifugation processes was repeated two

more times. A volume of 20 𝜇L DI water was added to the pellet and allowed to set for one hour

at room temperature. A droplet of the final solution was placed on a UV-treated formvar grid for

60 seconds. The excess water was removed by placing filter paper at the grid’s edge. There was no

staining step involved in the process.

Heterogeneous threshold from a laser array

The excited state population of fluorescein molecules is proportional to the pump photon flux 𝐹pump

while below saturated absorption. Also, while below gain saturation, the output photon flux of a
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single laser 𝐹single
em in a noninteracting heterogeneous laser array can be described as

𝐹
single
em = 𝑠

(
𝐹pump − 𝐹thresh

)
1
(
𝐹pump − 𝐹thresh

)
(S1)

where 𝐹em is the emission photon flux at the sample interface, 𝐹pump is the photon flux of the pump

beam, 𝐹thresh is the threshold, and 𝑠 is the slope efficiency, and 1 is Oliver Heaviside’s step function.

The distribution of laser thresholds in terms of photon flux can be well-approximated by a Gaussian

distribution of standard deviation 𝜎. The convolution of the Gaussian distribution with Equation

S1 follows as

𝐹
array
em =

∫ 𝐹pump

−∞
𝑠
(
𝐹pump − 𝐹′

thresh
) 1
𝜎
√

2𝜋
𝑒−(𝐹thresh−𝐹′

thresh)2/2𝜎2
𝑑𝐹′

thresh . (S2)

The solution to the Equation S2 yields an equation that describes threshold behavior of the hetero-

geneous laser array,

𝐹
array
em =

𝑠𝜎
√

2𝜋
𝑒−(𝐹pump−𝐹thresh)2/2𝜎2 + 𝑠

2
(
𝐹pump − 𝐹thresh

) [
1 + Erf

(
𝐹pump − 𝐹thresh

𝜎
√

2

)]
, (S3)

where Erf is the error function.

Exact solution of a simple model for the optical gain figure of merit

We now derive the relation Equation 2 in the main text from an exactly solvable one-dimensional

model of a uniformly excited slab. This derivation was initially suggested by the fact that gain and

Faraday rotation are both time-odd. (29)

Consider a one-dimensional linear transport model in which light of vacuum wavevector 𝑘

is incident on a slab dielectric of length 𝑙, scattering into a transmitted wave of amplitude 𝑡 and

wavevector 𝑘 and a reflected wave of amplitude 𝑟 and wavevector −𝑘 . It is convencient to represent

the light fields in terms of their electric and magnetic field amplitudes (𝐸, 𝐵), so that the propagation

eigenvectors in the vacuum for +𝑘 are (1, 1) and for −𝑘 are (−1, 1). Thus to the left of the slab the

local field is (1, 1) + 𝑟 (−1, 1) and the right of the slab is 𝑡 (1, 1). The transfer matrix associated with

transport through the dielectric slab is

(1, 1)† + 𝑟 (−1, 1)† = 𝑀𝑡 (1, 1)† 𝑀 =

[ cos 𝛿 𝑖
𝑛 sin 𝛿

𝑖𝑛 sin 𝛿 cos 𝛿

]
(S4)
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where 𝛿 = 𝑛𝑘𝑙 and 𝑛 = 𝑟 + 𝑖𝑠 is the complex index of refraction of the slab (𝑟 and 𝑠 real). Solving for

𝑡 one finds, 𝑡 = 1
cos 𝛿−𝑖(𝑛+ 1

𝑛 ) sin(𝛿) . Note that in the (weak-)scattering limit in which 𝑛 ∼ 1, the 𝑡 = 𝑒𝑖𝛿

which is identical to the Born scattering approximation, that is, essentially the fourier transform

of the optical ”potential” of a slab. Going away from this limit but keeping 𝑠 small, the real and

imaginary parts of 𝑡 are as 1
𝑡 = 𝑎 + 𝑖𝑏 with

𝑎 =
𝑒 |𝑠 |𝑘𝑙

2
[(1 ± 𝑟 (1 + 1

|𝑛|2
)) cos(𝑟𝑘𝑙) + 𝑠(1 − 1

|𝑛|2
) sin(𝑟𝑘𝑙)] (S5)

𝑏 = ±𝑒 |𝑠 |𝑘𝑙

2
[∓(1 ± 𝑟 (1 + 1

|𝑛|2
)) sin(𝑟𝑘𝑙) + 𝑠(1 − 1

|𝑛|2
) cos(𝑟𝑘𝑙)] . (S6)

Here the ± throughout are for the cases of 𝑠 > 0 and 𝑠 < 0. The gain in the transmission mode is

proportional to |𝑡 |2 = 1
𝑎2+𝑏2 . On the other hand, the scattering phase 𝜙 in this limit is tan 𝜙 = 𝑏

𝑎 . The

group velocity delay is then
𝜕𝜙

𝜕𝑘
=
𝑏 𝜕𝑎
𝜕𝑘 − 𝑎 𝜕𝑏

𝜕𝑘

𝑎2 + 𝑏2 (S7)

Now using the 𝑎 and 𝑏 in Eq.S6, we have

𝑏
𝜕𝑎

𝜕𝑘
− 𝑎

𝜕𝑏

𝜕𝑘
= ±𝑒2|𝑠 |𝑘𝑙

4
[(1 ± 𝑟 (1 + 1

|𝑛|2
))2 + 𝑠2(1 − 1

|𝑛|2
)2] (S8)

so that in this small gain limit we have shown that 𝜕𝜙
𝜕𝑘 is proportional to the gain |𝑡 |2. This indicates

that 𝜕𝜙
𝑐𝜕𝑘 is the wave-mechanical answer to the question, “how long does the wave spend in this

block?”

Supporting figures for main document

Figure S1 shows a diagrammatic representation of the apparatus (30) used to record all emission

spectra in this study. Figure S2 shows additional micrographs of iridophores which illustrates the

two-dimensional orientational ordering of iridophores in the color stripe of neon tetra fish. The

high degree of orientational order results in a laser array with a distinct coherent-emission directive

gain.

There was a possibility that the apparatus could influence the azimuth directive gain shown in

Figure S3(a). The possibility of an error from an apparatus alignment can be quickly checked by

rotating the sample by some azimuthal angle amount. Rotating the sample by ∼ 180◦ for the initial
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alignment, we see that the directive gain pattern rotates by the same azimuth angle. Therefore, the

incoherent emission from the color stripe does indeed have a preference for the rear dorsal direction

as shown in Figure S3(b). Apparatus constraints limited scans at low polar angle, and so emission

was also recorded while the sample was tilted 30◦ in the dorsal direction, which is shown in Figure

S3(c).

The positive results for laser arrays are provided in the main manuscript; however, we recorded

far more negative results due to the difficulty in achieving a well-tuned iridophore array across a

given region of the color stripe illuminated by the pump. Figure S4 shows examples of various

negative results while sweeping the pump pulse fluence.

A second set of positive results for the laser array are shown in Figure S5. There is a clear

threshold behavior observed in the laser array shown in both Figure S5(b) and Figure 2 in the main

article. A point of interest is the noise associated with the area under the Gaussian as a function of

pump power. There is uncertainty introduced by the shot-to-shot uncertainty in pulse fluence from

the Continuum Surelite OPO and the probability of pulse match-up for recordings between the

Ophir PE10-C-BF pyroelectric sensor and the Ocean Optics USB 4000 spectrometer. We recorded

the shot power over 2 minutes and determined a shot-to-shot power uncertainty of ±15.8% exiting

the OPO. Adding in the error bars of maximum possible pump uncertainty does not fully explain

the system noise, where the soft biological laser array presented here displays significantly more

noise in the emission power than a solid-state laser system.

The directive gain scans began at 𝜃 = 30◦ and 𝜙 = 0◦ with a Δ𝜙 = 20◦. After every sweep

through the azimuth angles, the polar angle was changed by Δ𝜃 = 10◦. The spectral deformations

occur quickly during the beginning of the scan. By the time the emission spectrum taken at 𝜃 = 30◦

and 𝜙 = 180◦, it was almost entirely shifted to the long-wavelength peak. Figure S6(e) is the last

layer of the scan at 𝜃 = 80◦, where the drift to the long-wavelength peak from structural changes

has completed. The 𝜙 dependence of the coherent emission shows a preference in all directions

except towards the ventral region.

The spectral deformations where observed to stop after many pulses: see Figure 1 in the main

text. The directive gain from a subsequent scan, after the initial scan shown in Figure S6, was

performed in the exact same location. The spectral features hold their shape at the long-wavelength

peak for all data in Figures 1(a) in the main text. Despite the spectral shifts observed in S6(b-c), the
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two sets of directive gain measurements are quite similar.

The scanned-area, directive gain 𝐷SA (𝜙, 𝜃) for all-polarizations, 𝜃-polarized light, and 𝜙-

polarized light shown in Figure 3 of the main manuscript were calculated in the usual way (27)

from the wavelength-dependent, scanned-area, spectral directive gain density, D𝜆,SA (𝜙, 𝜃, 𝜆). The

wavelength-dependent, scanned-area, spectral directive gain density is a hypercube of spectral data

as a function of the spherical coordinate angles 𝜃 (polar) and 𝜙 (azimuth). Figure S7 shows emission

spectra for angular sweeps while holding either 𝜃 or 𝜙 at a fixed value.
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Figure S1: (a) The experimental setup for all laser optics experiments. (b) The Gaussian pump beam

profile incident on the sample as measured by fluorescence imaging. (c) An image of neon tetra

fish before experimentation. (d) An optical microscope image of red-tuned iridophores with their

long axis marked. (e) TEM images of a (left) single guanine platelet and (right) stacked guanine

platelets.
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(a) (b) (c)

Q     ≈ 0.90
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Q     ≈ 0.76
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Figure S2: (a-b) Confocal microscope images and (c) an optical microscope image of iridophores.

The clean images are at the top, and the drawn orientational directions on each iridophore used to

estimate 𝑄2D are shown below.
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Figure S3: The scanned-area directive gain for the integrated fluorescence spectrum when (a) the

dorsal area of the fish is facing 𝜙 = 0◦ and (b) rotated so that the dorsal area is facing 𝜙 = 180◦. (c)

Another scan was performed in which the sample was rotated about the posterior/anterior axis by

an angle of 30◦ in the dorsal direction.
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(a)
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(f )

Figure S4: Emission spectra as a function of pump power for different Bragg-tuning cases where

the iridophore arrays provide (a-c) no feedback, (d) weak non-resonant feedback, and (e-f) heteroge-

neously distributed feedback over the array with transient behavior towards non-resonant feedback.
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(a) (c)

(b) (d)

Figure S5: (a) Emission spectra for various pump pulse energies. (b) The area under Gaussian

curves fitted to the coherent emission from a two-Gaussian fit as a function of pump pulse energy.

A greater uncertainty between the recorded input to output intensities are observed relative to Figure

2 in the main article. The (c) center wavelength and (d) FWHM of the Gaussian curves fit to the

coherent emission peaks.
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Figure S6: (a) The first run in a skin location for the scanned-area directive gain after integrating

all spectra. The emission spectra as a function of the polar angle 𝜃 for (b) 𝜙 = 0◦ and (c) 𝜙 = 180◦.

The emission spectra as a function of the azimuth angle 𝜙 for (d) 𝜃 = 30◦ and (e) 𝜃 = 80◦.
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Figure S7: The transient deformations of spectra mostly left the systems prior to these scans. The

emission spectra for various angular sweeps for cases of (a-d) all polarizations, (e-h) 𝜃 polarization,

and (i-l) 𝜙 polarization at the detector.
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