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Real-time full-field imaging through scattering media by all-optical feedback
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Full-field imaging through scattering media is fraught with many challenges. Despite many achievements,
current imaging methods are too slow to deal with fast dynamics, e.g., in biomedical imaging. We present an
ultrafast all-optical method where a highly multimode self-imaging laser cavity is built around the reflective
object to be imaged and the scattering medium. We show that the intracavity laser light from the object is mainly
focused onto specific regions of the scattering medium where the phase variations are low. Thus, round-trip loss
within the laser cavity is minimized, thereby overcoming most of the scattering effects. Our method can deal
with temporal variations that occur on timescales as short as several cavity round trips, typically 100 ns in our

laser cavity.
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Optical imaging through scattering media, e.g., in biomed-
ical imaging and imaging through atmospheric turbulence, is
fraught with many difficulties. The complex structure of such
media causes random variations in refractive index, such that
an incoming beam is scattered and distorted. As a result, im-
ages are blurred or speckled when observed through scattering
media [1,2]. Over the past decade, several interesting methods
were developed to overcome these deleterious scattering ef-
fects, mainly by exploiting either spatial correlations of the
seemingly random speckle pattern [3-6] or by shaping the
wavefront of the incoming beam [7-10].

However, methods based on spatial correlations are mostly
applicable to fluorescent objects, which typically have weak
signals, and consequently require long integration time to
obtain sufficient signal-to-noise ratio. Thus, they are only
adequate for objects that remain stationary over long acqui-
sition times. Methods based on wavefront shaping involve
deformable mirrors or spatial light modulators that control
the shape of the incoming wavefront to compensate for the
effect of the scattering media. These methods usually re-
quire a bright reference “guidestar” and are based on iterative
time-consuming computer algorithms, typically lasting sev-
eral seconds or more. During the extensive time period needed
to shape the incoming wavefront, the object cannot evolve
and must remain steady on a scale smaller than a wavelength.
A more recent wavefront shaping method that exploits only
optical feedback is much more rapid [11]. Unfortunately, due
to the location of the gain medium, the method is inherently
limited to point-like (“single pixel”) imagery where only a
small percentage of the light power is focused onto a point and
more than 90% of the light is scattered to a broad background.
Although a relatively high signal-to-noise ratio (SNR) can be
obtained for an image of a single point, the SNR decreases
linearly as the number of pixels increases, prohibiting the use
for full-field imaging, see Appendix F and Ref. [8].

*sim.mahler@gmail.com

2469-9926/2022/105(3)/033527(12)

033527-1

Here, we present an all-optical method for full-field imag-
ing through thin scattering media in real time. It relies
on a fundamentally different mechanism where the modes
of a highly multimode laser cavity can phase lock onto a
minimal loss state by passing only through uniform phase
regions of the intracavity scattering medium, thereby mini-
mizing scattering losses and ensuring high-quality imaging.
We show that separating the gain medium from the scatter-
ing medium preserves all independent degrees of freedom
of the highly multimode laser and significantly suppresses
scattering. Moreover, since the gain medium is placed at the
imaging plane of the object, our method allows high-quality
and high-SNR imaging through thin scattering media, even for
full-field imaging of complex objects.

The physical mechanism which enables imaging through
scattering media inside a multimode laser cavity is inherently
related to the process of mode buildup in lasers. In the prelas-
ing stage, photons are spontaneously emitted from the gain
medium and due to the random nature of the emission, a
large ensemble of possible states (modes) is randomly sam-
pled. These initial modes compete over the available gain,
until only modes with minimal loss, and their coherent su-
perposition, survive in the steady-state lasing stage [11,12].
Since a self-consistent laser mode must accurately retrace its
path after a round trip in the laser cavity, the minimal-loss
modes possess the intrinsic property of efficient self-imaging
through the intracavity scattering media. When many such
degenerate low-loss modes exist, their coherent superposition
can well approximate an arbitrary image that would then be
self-imaged inside the laser cavity.

Typical multimode laser cavities support only a small num-
ber of lasing modes (<100), and consequently are inadequate
for optical imaging. Therefore, we resort to a highly mul-
timode laser that supports >300000 spatial modes, often
referred to as a degenerate cavity laser or a self-imaging cavity
laser [13—15]. When the numerical aperture (NA) of the laser
cavity is larger than the diffusive angle of the scattering me-
dia, the laser selects the modes with minimal round-trip loss,
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FIG. 1. Experimental arrangements for imaging through scatter-
ing media. (a) Imaging of a mask (object) in a degenerate cavity laser
(DCL). The intensity distribution detected at the output plane (right
inset) matches the shape of the object. (b) Imaging of a mask (object)
in a DCL with an intracavity diffuser placed at distance z = f/2 from
the object. The DCL overcomes the effect of scattering induced by
the diffuser, so the intensity distribution at the output plane (right
inset) still matches the shape of the object. (c) Imaging of a mask
(object) in a DCL with an intracavity diffuser placed at the Fourier
plane of the 4f telescope. (d) Imaging of a mask (object) with a
passive 4 f telescope (no optical feedback), where a diffuser is placed
at the Fourier plane of the 4 f telescope. Due to scattering induced by
the diffuser, the detected intensity distribution (right inset) is smeared
and the object cannot be identified. OC: output coupler.

which allow full-field imaging of the object. Due to the expo-
nential buildup of the lasing modes [11,12], the time required
for the laser to shape the beam traveling inside the cavity can
be extremely short, on the order of several round trips [16,17].
Specifically, we show that the buildup time can be as short as
100 ns in a Q-switched laser, orders of magnitude faster than
any other reported wavefront shaping method [18,19].

Our degenerate cavity laser (DCL) is comprised of an
Nd:YAG gain medium, two flat mirrors and two lenses in a 4 f
telescope, f being the focal length of the lenses, Fig. 1(a). The
4f telescope assures that any field distribution is accurately
imaged onto itself after a single round trip. Consequently, any
transverse field distribution is an eigenmode of the cavity.
Since all transverse modes supported by the cavity are loss-
degenerate, they can all lase simultaneously, despite mode
competition [11,13,15,17,20]. As the size of the exit pupil in a
4 f telescope is much larger than its diffraction limit, the DCL
supports many transverse modes. The 4 f DCL is especially at-
tractive as it enables physical access to both the position space
(back mirror or output coupler planes) and k-space (Fourier

With diffuser and
optical feedback

With diffuser

No diffuser no optical feedback

FIG. 2. Experimental results demonstrating intracavity imaging
through scattering media for different objects. (a)—(c) Left column:
Intensity distributions of the imaged objects at the output plane of
a DCL with no diffuser [as in Fig. 1(a)]. Middle column: Intensity
distributions at the output plane of a DCL, with a diffuser at the
Fourier plane of the telescope [as in Fig. 1(c)]. Right column: In-
tensity distributions at the imaging plane of a passive 4 f telescope
(no optical feedback) with the same diffuser at the Fourier plane
[as in Fig. 1(d)]. Bottom insets in (b) show cross sections of the
intensity distributions. Panel (c) is the same as in (a,b), but here the
middle column was obtained with a Q-switched cavity and a short
100-ns-pulse duration.

space, midway between the lenses) components of the lasing
beam [1,21,22]. A detailed description of the experimental
arrangement is included in Appendix A.

To demonstrate imaging through scattering media, a binary
amplitude mask is placed near the back mirror of the DCL,
serving as a reflective object, Figs. 1(a) to 1(c). When there
is no optical diffuser inside the cavity, Fig. 1(a), the mask is
imaged onto itself after every round trip, and therefore the las-
ing output beam is formed in the shape of the mask [23-25].
Surprisingly, when the diffuser is placed inside the cavity at a
distance z = f/2, Fig. 1(b), the DCL is able to overcome the
effect of scattering, and the image of the object is still clearly
identified at the output plane of the laser. This is true also in
the extreme case where the diffuser is placed at the Fourier
plane of the 4f telescope, Fig. 1(c). For comparison, we also
placed the object masks and the diffuser in an identical passive
4f telescope, Fig. 1(d). As expected, in this case the object
cannot be identified. Figure 2 shows additional examples for
objects being imaged through an optical diffuser.

As mentioned above, our method is extremely fast, and
can acquire images in real time. To demonstrate such rapid
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imaging through the scattering media, we Q-switched the
DCL by placing a Pockels cell inside the cavity next to the
back mirror. Figure 2(c) shows the experimental results with a
Q-switched DCL where the lasing pulse duration was 100 ns.
As evident, the Q-switched laser is able to image the object
through the diffuser, despite the extremely short temporal
duration of the lasing pulse.

To better understand the physical mechanism of our
method, we focus on the extreme case where the diffuser is
placed at the Fourier plane of the 4 f telescope, as in Fig. 1(c)
[see the discussion in Appendix B showing that the physical
mechanism in this case is the same as that where the diffuser
is placed before the lenses, as in Fig. 1(b)]. First, we compared
the intensity distribution at the Fourier plane to the phase
structure of the diffuser. Although the results of Fig. 1 were
obtained with a generic diffuser, for simplicity, we start by
considering a binary diffuser, namely a two-level optical dif-
fuser inducing either O or 7 phase shifts to light propagating
through it, Fig. 3(a).

Remarkably, when the binary diffuser is placed at the
Fourier plane of the DCL [as in Fig. 1(c), but now with a bi-
nary diffuser], lasing occurs almost entirely at uniform phase
regions of the diffuser, essentially eliminating the scattering
induced by the diffuser, Figs. 3(a) to 3(c).

The reason for this effect can be readily understood by
considering the round-trip field propagation of the cavity

E@E 1+ 1) = e YO F ' [Du(k)FIE R, 1)]]e™™,

where E (X, t) is the complex field at the plane of the object
and transverse position X and time ¢, 7 is the round trip
time, g and « are the round trip gain and loss, O(X) is the
reflectance of the object, Dn(l_é) = D(%)D(—l?), where D(l_é)
is the phase transmittance of the diffuser at position k in the
Fourier plane of the 4 f telescope, and wy is the laser’s natural
frequency. Notice that the resonance condition for a standing
wave requires that wyt; = 271, where #n is an integer.

At threshold, the gain and loss are balanced, e~ ~ 1, and
a stable self-consistent mode, if it exists, is expected to return
to itself after a single round trip, up to some global phase ¢
[12]. Therefore, we obtain

Eq(®)e = OG)F ' [Du(k)FEq ()11

Clearly, a stable mode with low loss must be contained within
O(X). If O(X) is a binary function, a trivial solution is ob-
tained for Ey(x) ~ OX) if F[Ey(®)]e" = Dy(k)F[Ey®)],
indicating that the field is transmitted through sufficiently
uniform phase regions of the diffuser, thereby inducing an
additional phase ¢ every round trip and pulling the laser’s
natural frequency to w = wg + ¢/ 1. Indeed, Figs. 3(a) to 3(c)
show that light is concentrated to uniform phase regions of the
diffuser. If such a mode Ej; exists, it would minimize round
trip loss and consequently it will grow exponentially faster
than any other mode [12]. If such a mode does not exist, the
DCL would find a mode that approximates it. The ability of
the DCL to well approximate the object O(X), even with just
a sparse representation in the Fourier plane, is related to the
modal structure of the cavity, see Appendix E.

The fundamental limitation of our method is that the op-
tical resolution of the intracavity 4f telescope must be high
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FIG. 3. Lasing through specific uniform phase regions of the
binary diffuser. (a) Measured phase structure of the binary diffuser.
(b) Lasing intensity distribution at the plane of the diffuser overlaid
with the phase structure boundaries. (c) Relative lasing power in the
0 and 7 phase regions of the diffuser. (d) (left) Intensity distributions
at the output plane of the DCL with no diffuser, as in Fig. 1(a),
obtained with circular aperture objects of diameters D = 2 mm (top)
and D = 0.6 mm (bottom). (middle) Intensity distributions at the
output plane of the DCL with diffuser, as in Fig. 1(c), but with
a binary diffuser. (right) Intensity distributions at the plane of the
diffuser. (e) Width of the output beam normalized by the width of
the object (blue circles) and relative lasing power in 7 -phase regions
of the diffuser (red squares) as a function of the object diameter D.
(f) Autocorrelation width of the intensity distribution at the plane of
the diffuser [divided by +/(2)] as a function of object diameter (solid
blue), compared with the diffraction limit wy = 0.421f /D (dashed
red), and the effective size of a typical uniform phase region of the
diffuser (dashed black).

enough to focus light to the small regions of uniform phase
at the plane of the diffuser. This requires that the NA of the
DCL must be large compared to the divergence angle of the
optical diffuser. To verify this experimentally, we controlled
the NA of the DCL by placing circular aperture objects with
different diameters D near the back mirror, Figs. 3(d) to 3(f).
As expected, only objects of large diameters (high NAs) were
successfully imaged through the diffuser, Fig. 3(d). Specifi-
cally, Fig. 3(e), for objects of diameters D < 2 mm, the output
beam was considerably larger than the object, and lasing
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occurred through both 0 and 7 phase regions of the diffuser
with approximately equal power. However, for D > 2 mm, the
output lasing beam was comparable to the object in size and
shape, and lasing occurred mostly through the 7 phase regions
of the diffuser.

The failure of the laser to overcome the effect of the
diffuser for small object diameters (small NAs) is clearly
manifested by the lasing intensity distribution at the plane of
the diffuser in Fig. 3(d) right column, and is inherently related
to the modal structure of the laser cavity, see Appendix E.
To show this more quantitatively, we calculated the autocor-
relation width of the intensity distribution at the plane of the
diffuser, Fig. 3(f). For a small object of D < 2mm, the 1/e
autocorrelation width is well approximated by the diffraction
limit wy = 0.42A1f /D of the 4f telescope, which exceeds the
width of typical uniform phase regions on the diffuser.

For large objects of D > 2 mm, the width of typical lasing
regions is approximately constant and barely changes with
object size, demonstrating the strong tendency of the DCL to
select and fill only regions of uniform phase. Accordingly, for
large objects of D > 2 mm, the SNR in the images was above
100 (not shown).

Next, we placed in the intracavity Fourier plane a more
general quasicontinuous optical diffuser (which was also used
to obtain the results of Fig. 1), which consists of many random
phase levels. The results are presented in Fig. 4. Figure 4(a)
shows the experimentally measured phase-structure of the
diffuser (see Appendix C), from which the phase gradient G
was calculated. Figure 4(b) shows the overlay of the lasing
intensity distribution at the plane of the diffuser and the phase
gradient G. As is evident, lasing occurs in much smaller
regions than those for the binary diffuser, Fig. 3(d) right col-
umn, and is limited to regions of low phase gradients, where
scattering is minimized. Figure 4(c) shows this explicitly, by
comparing the probability density distribution of the entire
diffuser phase gradients P(G) (solid black) and of the dif-
fuser regions in which the lasing intensity is above 10% of
its maximal value after basic noise reduction (dashed blue).
Clearly, the distribution in regions with significant lasing is
much narrower than that of the entire diffuser, and no lasing
occurs in the high phase-gradients regions of the diffuser.

We also calculated the cross-correlation C between phase
gradients G and intensity distribution / at the plane of the
diffuser

A [ GNHI(r+ Ar)d*r
[ Gryd2r [10r2d>r

where r is the position, Ar is a displacement in position and A
is the area over which the integration is performed. We found
that for Ar =0, the intensity distribution is anticorrelated
with the phase gradient, Fig. 4(d). This clearly indicates that
lasing occurs only in regions of the diffuser with low phase
gradients.

Numerical simulations of the multilevel diffuser further
validate the results, Figs. 4(e) to 4(h). In particular, Fig. 4(g)
shows that the simulated P(G) of the entire diffuser is much
broader than that of the regions with significant lasing, as in
the experimental data in Fig. 4(c). For larger NA values, the
DCL operation directs light to regions of low phase gradients,
and consequently, the probability distribution is narrower.

C(Ar) =
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FIG. 4. Lasing through low phase-gradient regions of the in-
tracavity diffuser. (a) Measured phase structure of the multilevel
diffuser. (b) Absolute value of the phase gradient G, calculated from
the phase structure in (a), overlaid with the measured lasing intensity
distribution at the plane of the diffuser. (c) Probability density of
phase gradients P(G) of the entire diffuser (black) and of regions
of the diffuser where the lasing intensity is >10% of its maximal
value (dashed blue). (d) Cross-correlation C(Ar) between the inten-
sity distribution at the plane of the diffuser and the phase gradient
G(r). (e)—(h) Numerical results. (¢) Simulated phase structure of the
diffuser. (f) Phase gradient with lasing intensities. (g) P(G) of the
entire diffuser (solid black), and for regions where the lasing intensity
is >10% the maximal value for different normalized NAs of the
intracavity telescope: 0.8 (dashed blue), 2 (dash-dotted red), and 6
(dotted yellow). (h) Cross-correlation peak Cy as a function of the
NA.

Figure 4(h) shows simulation results of the cross-correlation
peak Cy = C(Ar = 0) between the diffuser phase gradients
and the lasing intensity distribution, as a function of NA.
As is evident, for small values of NA the two are weakly
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FIG. 5. Intensity distributions at the output plane of a DCL, with
a diffuser at the Fourier plane of the telescope [as in Fig. 1(c)]. The
diffusion angles of the diffusers used here were (a) 0.3° degrees and
(b) 1° degree.

correlated (Cy ~ 0). However, for larger values of NA they
are anticorrelated (Cy approaches —1).

The results so far were obtained with relatively weak op-
tical diffusers, i.e., optical diffusers with a relatively small
diffusion angle: Figs. 1 and 4 were obtained with an optical
diffuser of a 0.2° diffusion angle (16 levels custom made
HoloOr optical diffuser), and Figs. 2 and 3 were obtained with
an optical diffuser of a 0.3° diffusion angle (binary custom
made HoloOr DOE diffuser). However, as noted, our method
also works with relatively strong optical diffusers, as long as
the NA of the DCL is large compared to the diffusion angle
of the diffuser. To show this, we placed a larger object (larger
NA) behind the diffuser and compared the images obtained
with optical diffusers with diffusion angles of 0.3° and 1°,
Fig. 5. As is evident, with both diffusion angles the image can
be clearly identified.

Finally, the needed threshold gain depends on several
parameters, such as the scattering strength of the diffuser,
geometric parameters of the DCL, and the shape and size of
the imaged object. We measured the lasing pump threshold
difference with and without a far-field diffuser in our DCL to
be about 20%. A similar measurement was also made with
a near-field diffuser in the DCL and the total output power
changed by merely 15% [17,20].

To conclude, we demonstrated a different method for rapid
full-field imaging through scattering media, using a highly
multimode degenerate cavity laser and intracavity diffuser. In
our method, the gain medium is placed at the imaging plane
of the object, such that gain saturation enforces lasing of the
entire imaged object. It does so by reconstructing an approx-
imated image from a sparse representation in Fourier space,
such that light is focused to relatively uniform phase regions
on the plane of the diffuser. As compared to previous work
[11], the location of the gain medium is crucial to enable full-
field imaging through the scattering medium, see Appendix F.
Note that the mask and back mirror could be replaced with
a single reflective object and that our method applies also to
cases where there are no optical elements between the object
and the diffuser, as in Fig. 1(b). Therefore, the cavity can
be realistically constructed around a reflective object hidden
behind a scattering medium. In Appendix G we present two
possible practical configurations.

We show that our method is applicable when the optical
resolution of the intracavity telescope is sufficiently high in
relation to the correlation length (i.e., minimal feature size) of
the diffuser, so as to require careful and accurate optical de-
sign and alignment. Accordingly, we demonstrate our method,
as a proof of concept, using thin optical diffusers with low dif-
fusion angles. We believe there is no fundamental limitation
and the method should work also for thin optical diffusers with
large diffusion angles, as long as they are smaller than the NA
of the DCL.
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APPENDIX A: DETAILED EXPERIMENTAL
ARRANGEMENT

The DCL in our experimental arrangement contained a
Nd:YAG rod gain medium (wavelength A = 1064 nm) of 9.5-
mm diameter and 10.9-mm length that was pumped with long
100-us quasi-continuous-wave (CW) pulses of a xenon flash
lamp, at a slow repetition rate of 1 Hz, so as to minimize
thermal lensing. The two lenses inside the cavity were antire-
flective (AR) coated plano-convex lenses, with diameters of
D = 50.8 mm and focal lengths of 400 mm. The back mirror
was a highly reflective mirror (reflectivity R > 99.8%), and
the output coupler was a partially reflective mirror (R = 90%).
All images were obtained using a standard triggered comple-
mentary metal oxide semiconductor (CMOS) camera (Ximea
MQO13MG-E2). Two different optical diffusers were used.
Figures 1 and 4 were obtained with a 16-levels custom made
HoloOr optical diffuser, having a divergence angle of 0.2°
degrees. Figures 2 and 3 were obtained with a binary custom
made HoloOr DOE diffuser, having a divergence angle of 0.3°
degrees.

1. Imaging through intracavity scattering media
with a degenerate cavity laser

Figure 6 shows schematically the typical experimental
arrangement of the degenerate cavity laser (DCL) with scat-
tering media (intracavity diffuser) and the external detection
configuration. The DCL is comprised of an Nd:YAG gain
medium, two lenses of focal length f =400mm in a 4f
telescope arrangement, a highly reflective back mirror, and a
partially reflective output coupler. The object to be imaged
was a binary amplitude mask placed adjacent to the back

- ) Output
' Mirror Lens  Diffuser Lens coupler: Le .

i : i Lens3
(\/‘hnl"- |ﬂFd'- € ‘
| “Wask 1 "BS BS

f, 2f, f, A AR A
””””””””””””””””””””” BS: Beam Splitter

FIG. 6. Experimental arrangement of the DCL and the imaging
system that was used for measuring the intensity distributions at the
laser output plane and at the diffuser plane.
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mirror and the optical diffuser (which served as the scatter-
ing media) was placed either in a midfield before the first
lens, or at the Fourier plane between the two lenses of the
4f telescope. We noticed experimentally that the results are
essentially the same when the gain medium is placed either
near the back mirror or near the output coupler (not shown).

The telescope assures perfect imaging in the laser cavity
whereby any field distribution is precisely imaged onto itself
after a single round trip, and therefore any field distribution
is an eigenmode of the cavity. Typically, the size of the exit
pupil in the 4f telescope is much larger than the diffraction
limit, so many transverse modes can all lase simultaneously.
The DCL also has many different longitudinal modes, which
are assumed to be uncorrelated with one another. The num-
ber of longitudinal modes in the cavity is estimated by the
measured bandwidth of our laser (measured to be 30 GHz,
not shown) divided by the spectral spacing between modes
[c/(2L) ~ 90 MHz, where c is the speed of light, and L is the
optical length the DCL], ~300.

Outside the DCL, Fig. 6 (right), a beam splitter splits the
laser beam light into two optical channels. The first channel
images the intensity distribution at the output plane of the
laser onto a camera, by means of Lens2 and Lens3. The
second channel images the intensity distribution at the diffuser
plane, by means of the intracavity Lens1, Lens2, Lens2, and
Lens3, onto the same camera, but with a transverse shift as
compared to the first channel. Accordingly, light from the
two channels illuminate different regions of the camera. The
camera, therefore, detects simultaneously the intensity distri-
butions at both the output plane and at the diffuser plane. The
focal distance of Lens2 was 200 mm and its diameter was
25.4 mm. The focal distance of Lens3 was 60 mm and its
diameter was 25.4 mm.

2. Imaging through scattering media with a spatially
incoherent source

Consider the case where the diffuser is placed at the Fourier
plane [as in Fig. 1(c)]. Light from a coherent source that illu-
minates an object which contains only low spatial frequencies,
would focus to a small spot. If the NA of the optical system is
much greater than the diffusion angle of the diffuser, the size
of the spot would be smaller than a typical flat region of the
diffuser. Consequently, the image could be clearly viewed on
the other side of the diffuser, even without optical feedback
from the DCL. This is a trivial case, and not considered in our
work.

If, however, the object contains higher spatial frequencies,
the light will propagate through several phase regions at the
Fourier plane, and therefore the image would be distorted.
Generally, using light of spatially incoherent sources yields
better imagery since some of the coherent noise artifacts
are averaged out. For this reason, we evaluated our method
by comparing our results to those obtained without optical
feedback (i.e., outside the DCL) using a spatially incoherent
source.

Figure 1(d) in the main text shows schematically the basic
experimental arrangement for imaging through scattering me-
dia outside a laser cavity with a spatially incoherent source.
The spatially incoherent source was obtained by illuminating

a fast rotating diffuser with a continuous wave Nd:YAG laser.
The light from this source propagated through the object (a
binary amplitude mask) and the output intensity distribution
was then imaged through the scattering media and onto the
camera using a 4f telescope configuration (the focal length
of the telescope lenses was f = 400 mm and their diameters
D = 50.8 mm).

APPENDIX B: IMAGING THROUGH THE DIFFUSER,
WHEN PLACED BEFORE THE LENS

By placing the diffuser in a midfield between the object and
the first lens, we demonstrate that our method is applicable
even when there are no optical elements between the reflective
object and the scattering media, as in Fig. 1(b). Figure 7 shows
experimental results when the (multilevel) diffuser is placed at
different axial midfield distances from the object (but before
the first lens).

As evident in Figs. 7(a) to 7(f), the quality of the image
is preserved and barely changes with the midfield distance
z, when the diffuser is placed inside the DCL. We therefore
conclude that our method is extremely robust and that the
deleterious effects of the diffuser can be overcome, even when
it is placed at various locations inside the cavity. For compari-
son, Figs. 7(g) and 7(h) show the noisy results when a diffuser
is placed outside the DCL (no optical feedback), where the
image degradation increases when increasing distance z be-
tween the object mask and the diffuser. [In this sense, the
image would be distorted the most when the diffuser is placed
at the far-field plane (“infinity”) or Fourier plane between the
two lenses of the DCL].

In the main text, we explained mainly the effect of imaging
through the diffuser when it is placed at the Fourier plane
between the two lenses [the configuration in Fig. 1(c)]. We
showed there that, if the laser light can propagate through
regions of uniform phase at the plane of the diffuser, the
field would be accurately imaged onto itself after every round
trip, thus minimizing round trip loss. In full analogy to the
formalism presented there, when the diffuser is placed before
the lens, as in Fig. 1(b), the field distribution after a single
round trip would be

E@®, t + 1) = €5 %™ O(X)
X P[D(x)P_,(P_{D(X)P[E (X, 1)]D],

where E (X, t) is the complex field at the plane of the object
with transverse position X and time 7, 7, is the round trip time,
g and « are the round trip gain and loss, O(X) is the reflectance
of the object, D(X) is the phase transmittance of the diffuser
at position X and distance z from the object, wy is the laser’s
natural frequency, and P,[E (X, t)] propagates the field E (X, t)
a distance z, P,[E(%, t)] = e F~ [ F[E(®, t)] exp(im ;—z )].

If the field at the plane of the diffuser is confined to uniform
phase regions of the diffuser, then D contributes only a global
phase and the field is imaged onto itself after every round
trip (up to the global phase). Imaging through the diffuser is
therefore achieved if the laser distributes spherical-like phases
to the light at the plane of the object O(X) (the light must fill
the object due to gain saturation), such that it will focus onto
uniform phase regions of the diffuser.
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FIG. 7. Imaging through scattering media in the DCL, with no
optical elements between the object and the scattering media. (a)—
(c) Intensity distribution at the output plane of the DCL, when the
multilevel diffuser was placed at various midfield distances from the
object. (d)—(f) Same as (a)—(c), but here the the diffuser was slightly
displaced transversely to obtain three different images which were
then superimposed (averaging). The diffuser was placed at distance
of (a), (d) z/f =0.12 from the object, (b), (e) z/f = 0.25 from
the object, and (c), (f) z/f = 0.5 from the object. For comparison,
panel (g) shows the intensity distribution at the imaged plane of the
object, when the diffuser is placed at z/f = 0.5 and when there is
no optical feedback. (h) Same as (g), but when superimposing the
detected results of three different locations of the diffuser. The focal
distance of the two intra-cavity lenses was f = 250 mm.

APPENDIX C: PHASE-STRUCTURE MEASUREMENTS
OF THE OPTICAL DIFFUSER

Figure 8 schematically presents the experimental arrange-
ment and the Fourier processing procedure for measuring the
phase structure of the optical diffuser, as in Figs. 3(a) and
4(a). The experimental arrangement, shown in Fig. 8(a), is a

Laser Source

\%o,

BS: Beam Splitter

2f f 1 f f
1, DI e | — ‘-
/ob )
7 Lens _Diffuser Lens Bs Lens

(b) ,———- fi ------ Fourier processing------------- y -~
Diffuser's Selected Fourier Interference |
phases intensities transform fringes '
— '

Select,
center and crop

Fourier
transform

Fourier
transform

FIG. 8. Measurements of the diffusers’ phase structure. (a) Ex-
perimental arrangement and (b) Fourier processing method used for
measuring the phase structure of the optical diffuser.

Mach-Zehnder interferometer whose input is a relatively large
diameter collimated light beam from a single-mode continu-
ous wave 1064-nm laser.

The input laser light beam was divided by the first beam
splitter into two light beams of equal intensities, so each
propagates in a different channel. In the first channel, the
light beam propagates through a telescope until the second
beam splitter. The telescope is formed by two spherical lenses
of focal length f = 200 mm and diameter D = 50.8 mm, and
the diffuser was inserted midway between the two lenses, at
the focal plane of the telescope. In the second channel, the
laser light beam propagates in free space onto the second
beam splitter with an angular orientation. At the second beam
splitter plane, the two laser light beams interfere, forming
interference fringes that are imaged to and recorded by a
camera, Fig. 8(a), (right).

Figure 8(b) shows the Fourier processing procedure for
determining the phase structure of the optical diffuser from the
intensity distribution of the interference fringes (right image).
First, the intensity distribution of the detected interference
fringes was Fourier-transformed. Then an aperture was ap-
plied in Fourier space to select one of the two high-frequency
lobes and move it to the center. Finally, an inverse Fourier
transform is applied to obtain the phase distribution at the
plane of the diffuser and thereby the phase-structure of the op-
tical diffuser (left image). To compensate for aberrations and
improve accuracy, we repeated the procedure after removing
the diffuser and subtracted the resulting phase distribution at
the plane of the diffuser from that with the diffuser.

It should be noted that when the diffuser is inside the
DCL (see Fig. 6), light propagates through the diffuser twice
every round trip, i.e., forward and backward directions. Due

033527-7



RONEN CHRIKI et al.

PHYSICAL REVIEW A 105, 033527 (2022)

(©) e <
g nothin
ice she

adp

i

FIG. 9. Simulation results. (a) Comparison between experimental (top) and simulation (bottom) results. Left column: Experimental and
simulated intensity distributions at the output plane of the DCL with no diffuser, as in Fig. 1(a); right column: Experimental and simulated
intensity distributions at the output plane of the DCL with a diffuser inside the cavity, as in Fig. 1(c). (b), (c) Imaging of complex structures
through scattering medium. Simulated intensity distributions at the output plane of the DCL, when a diffuser is placed at the Fourier plane
inside the DCL, as in Fig. 1(c). First from left is the object; second from left is the simulated intensity distribution at the target’s imaging plane,
when illuminating the object with a coherent plane wave with no optical feedback; Third from left is the simulated intensity distribution at the
target’s imaging plane, when illuminating the object with incoherent light and with no optical feedback; Right is the intensity distribution at

the target’s imaging plane, obtained with all-optical feedback.

to the inversion property of a 4f telescope, the field of one
direction is rotated by 180° relative to the other direction. This
180° rotation effect was numerically taken into account in our
measurements and analysis.

For the case of the binary diffuser, we compared the results
of this method with those obtained by imaging the intensity
distribution at the diffuser plane directly onto the camera,
using a spatially incoherent source. As the binary diffuser
is comprised of regions that induce O and m phase shifts,
destructive interference occurs at the boundary between these
regions, as seen in Fig. 3(b). Therefore, the different phase
regions can easily be identified. We find that the results from
this direct imaging method are in very good agreement with
those from the more elaborate Fourier processing method of
Fig. 8(b). Since it is simpler, cleaner, and less noisy, we mainly
used the direct imaging method throughout our experiments
for the binary diffuser in Fig. 3.

APPENDIX D: SIMULATION METHOD

The simulations presented in the main text are based on a
Fox-Lee-type simulation, where the minimum loss eigenmode
of the cavity is found by iteratively propagating a transverse
field through the cavity, until a steady state is finally achieved.
The transverse field is represented by a field matrix of N x N
elements (pixels) and it is initially generated by distributing
random phases and uniform intensity over all matrix elements.
The optical components and propagation distances in the cav-
ity are represented by a matrix, and therefore a single round
trip in the cavity is represented by matrix multiplication. For
the DCL, the propagation from the plane of one of the mirrors
to the diffuser, and vice versa, is represented by a fast Fourier
transform. After each round trip, the field is normalized, so as
to account for loss and gain and avoid numerical instabilities.

Figure 9(a) compares simulated intensity distributions to
those measured experimentally. In the simulations, the shape

of the object is the same as the physical mask that was placed
inside the DCL, and the simulated diffuser has the exact
same phase structure as the experimentally measured binary
diffuser. The simulated results were obtained by summing
the intensity distributions of 300 different simulations to ac-
count for the effect of the different longitudinal modes. To
further demonstrate our method, we also simulate more com-
plicated objects, as presented in Figs. 9(b) and 9(c). In these
simulations, rather than normalizing the field every round
trip (“‘cold-cavity”), the gain medium was taken into account
by multiplying the field after every round trip by the gain
matrix G,

80

Gij= "% 7" (D1)
B 1P

where gq denotes the pump, E; ; denotes the field at pixel (7, j)
and Iy is the saturation intensity, and we assumed I, = 2000
and gy = 3. These images were obtained by summing the
intensity distributions of 200 different simulations.

APPENDIX E: MODAL STRUCTURE

The ability of the DCL to image through scattering media
is strongly related to the modal structure of the cavity, and a
thorough understanding of such imaging can be obtained by
analyzing the modal structure. For this purpose, consider a
two dimensional DCL and a field vector E;, of n elements,
which represents the field E(x;zp) at some initial plane zg
inside the cavity. Each propagation distance and each optical
element is represented in matrix form, and therefore a single
round trip is represented by a single matrix M. Thus, the
field E; after a single round trip is readily calculated by
E« = ME;,.

If steady-state self-consistent modes are assumed,
E. = Ei,, the equation above reduces to an eigenvalue
problem, where the eigenvectors represent eigenmodes of the
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FIG. 10. Simulated modal structures of a degenerate cavity laser,
showing round-trip loss as a function of Fresnel number. (a) Without
an intracavity diffuser. (b) With an intracavity diffuser at the Fourier
plane between the two lenses.

cavity and the eigenvalues are related to round-trip loss. We
simulate a DCL with an aperture of varying diameter 2D near
the back mirror and an aperture of diameter 2d in the Fourier
plane between the two intracavity lenses.

Figure 10(a) shows the calculated loss as a function of the
Fresnel number 7dD/(Af) (A being the wavelength and f the
focal length of the lenses) for the lower-order modes, without
an intracavity optical diffuser. As is evident, the modal struc-
ture is well ordered. As the size of the aperture is increased,
there is a sharp decrease from high to zero loss for each
mode. For large apertures, many modes have zero loss and are
therefore loss degenerate. As a result, many modes can lase
simultaneously, despite mode competition.

The number N of loss-degenerate modes, i.e., the number
of expected lasing modes, depends on the ratio between the
NA of the intracavity 4f telescope, D/ f, and the divergence
angle of the aperture at the Fourier plane, A /7 d, as follows:

wdD D

A
where wog = Af/md is the size of a diffraction limited spot
at the output plane of the DCL. In three dimensions, Ny =
Ny - Ny.

Figure 10(b) presents simulation results of round-trip loss
as a function of the Fresnel number, with an optical diffuser
inside the cavity. For objects with small aperture sizes, the
numerical aperture of the cavity is small compared to the
divergence angle of the diffuser, and therefore, the modes are
highly lossy. As a result, imaging through scattering media
cannot be achieved. However, for large objects, the numer-
ical aperture of the cavity becomes large compared to the
divergence angle of the diffuser, and therefore, there are many
modes with low loss. For sufficiently large objects (i.e., suf-
ficiently large NAs), the loss of many modes is close to zero,
and therefore, many modes can lase simultaneously. The fact
that the loss goes to zero implies that the modes are efficiently
self-consistent, and therefore, can be used for imaging through
the scattering media. Due to mode competition, modes with
higher loss levels are not expected to lase.

The number of modes supported by the cavity Ngif is the
ratio between the numerical aperture of the cavity and the

(EL)

wo’

divergence angle agir = A/(wa) of the diffuser

naD_ D
Af Do

Naitr = ; (E2)
where a is the typical size of a single-phase region on the dif-
fuser and Dy = Af/ma. In three dimensions, Noff = N3iff x
N,

’ Lasing through the scattering media is achieved when the
round-trip gain overcomes the round-trip loss. Therefore, the
plots in Fig. 10 also represent the required round-trip gain for
a simple case of a one-dimensional (1D) object aperture. More
generally, for an object that is imaged through a diffuser which
is placed at the Fourier plane of the DCL, we estimate the
minimal required round-trip gain by

Agi 1
g~<1+ﬂ)— (E3)

2 9
Adbj /) TiigrRocRobj

where Agir and Ay are the areas of the scattered light and
object at the plane of the object, Ty is the transmission of
the diffuser, Rop; is the reflectivity of the object, and Roc is
the reflectivity of the output coupler, under the assumption of
ideal transmission and collection of all other optical elements.
For simple 1D apertures, Agpj = f x NA and Agier = f0Oaitr,
where f is the focal distance and Oyis is the diffusion angle
of the diffuser. Thus

9difr‘) 1
g~(1+-2) ———— (E4)
< NA TdZiffRocRobj

Since we require NA > O, it is clear that the difference in
the lasing pump threshold with and without a diffuser is small
for diffusers of high transmission, Ty ~ 1, as noted in the
main text.

To verify our analysis in Eq. (E2) and simulation results,
we placed circular apertures near the back mirror of the DCL
and measured the number of lasing modes as a function of
aperture size, when a binary optical diffuser was placed at the
Fourier plane between the two lenses inside the cavity. The
number of modes was measured by placing a second optical
diffuser (Newport light shaping diffuser, 10° diffusion angle)
outside the cavity and detecting the far-field intensity distribu-
tion with a camera. The number of modes N was estimated by
the ratio of the standard deviation of the intensity distribution
o over the mean of the intensity distribution (I), as N = (‘;—)

Figure 11 shows the number of modes as a function of the
aperture area. As is evident, for sufficiently large apertures,
the number of modes grows linearly with the aperture area, in
agreement with our conclusions above. The slope of the linear
region is 0.91 mm~2, which is close to the expected slope of
0.97 mm~—2.

Finally, it is constructive to establish an intuitive under-
standing of the relation between Figs. 10(a) and 10(b) in the
language of modal phase locking. In the absence of the intra-
cavity diffuser [Fig. 10(a)], there are many eigenmodes with
equal (loss degenerate) eigenvalues. When a diffuser is placed
inside the cavity [Fig. 10(b)] it couples between the different
spatial modes, such that they can phase lock and consequently
overcome the effect of the diffuser. Such phase locking is
only possible when the detuning between modes is sufficiently
small, as compared to the strength of coupling between them
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FIG. 11. Experimental measurements of the number of lasing
modes as a function of aperture area (blue circles), together with a
linear fit of the large aperture areas data points (dashed black line).

[26,27]. As a result, the modes are strongly detuned when
lasing through regions of the diffuser that induce different
phases, and therefore they cannot couple to one another and
phase lock, and thus suffer from significant round-trip loss. To
minimize loss, it is therefore preferable to lase through regions
of equal phase, as indicated also by the analytic expressions in
the manuscript. Indeed, in Fig. 3(c), >90% of the lasing power
went through the 7 phase regions of the intracavity diffuser.

APPENDIX F: LOCATION OF THE GAIN MEDIUM

The gain medium can be located anywhere in the DCL,
however, its location affects the lasing modes. In the follow-
ing, we consider two possible locations of the gain medium: in
the imaging plane of the object, as presented in the main text,
and in the Fourier plane of the object (or near the diffuser) as
in Ref. [11].

For the purpose of full-field imaging through a scattering
medium, there are two significant advantages of placing the
gain medium in the imaging plane of the object. First, the
lasing modes tend to fill the object due to gain saturation, and
consequently, full-field imaging can be achieved. If the gain
medium is placed near the diffuser, the lasing modes tend to
fill the diffuser and not necessarily the object. Therefore, even
if the lasing modes overcome the scattering induced by the
diffuser, they may not enable imaging of the entire object.

To demonstrate this, we simulated the DCL with an object
near the back mirror and a diffuser at the Fourier plane of the
4f telescope; we also compared the lasing output when the
gain medium is placed either at the imaging plane of the back
mirror (near the object), Figs. 12(a) and 12(c), or at the Fourier
plane (near the diffuser), Figs. 12(b) and 12(d). As is evident,
when the gain medium is at the imaging plane of the object,
lasing occurs through the entire object due to gain saturation
and the object can clearly be identified, as in Fig. 12(c).
However, when the gain medium is placed at the imaging

(b) Lens Lens
Mirror Mirror
Gain
i Object
0.C Mirror
Lens  piffuser ~ Lens

(d)

Object plane

Diffuser plane

FIG. 12. Location of the gain medium. (a) Schematic diagram
of the system simulated in (c), which is a ring DCL where the gain
medium is placed at the imaging plane of the object. (b) Schematic
diagram of the system simulated in (d), which is a ring DCL where
the gain medium is placed at the imaging plane of the diffuser. (c), (d)
Simulated intensity distributions at the imaging plane of the object
(left) and of the diffuser (right).

plane of the diffuser, gain saturation guarantees lasing of
the entire diffuser, not necessarily of the entire object.
Accordingly, only a small portion of the object in Fig. 12(d)
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lases, and the object cannot be identified. As predicted, only
when the gain medium is placed at the imaging plane of the
object can full-field imaging through the diffuser be achieved.

The second main advantage of placing the gain medium
at the imaging plane of the object is that it improves the
signal-to-noise ratio (SNR). As explained previously, the ba-
sic modes of the DCL are coupled to one another by the
diffuser. If the detuning between the modes is small, they can
phase lock to one another so as to minimize round trip loss,
thereby enabling imaging of the hidden object. It should be
noted that the number of modes that can phase lock deter-
mines the number of degrees of freedom in the DCL [11].
Therefore, as in standard methods of wavefront shaping, the
SNR grows linearly with the number of degrees of freedom
(i.e., the number of modes that can phase lock).

If the gain medium is placed at the imaging plane of
the diffuser and if the gain medium is pumped sufficiently
strongly, all regions of the diffuser participate in lasing due
to gain saturation, as explained above. But since the optical
path length through different regions of the diffuser differs
substantially, many modes are highly detuned from one an-
other, and consequently cannot phase lock. Therefore the
number of modes that can phase lock in this case is small,
and accordingly the SNR is low. On the other hand, if the
gain medium is placed at the imaging plane of the object and
if the pump is sufficiently strong, all regions of the object
participate in lasing; at least in principle, all modes can couple
to one another and propagate through equal-phase regions of
the diffuser. Therefore, in this case, the number of modes that
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FIG. 13. Simulation results for signal-to-noise ratio (SNR) as a
function of normalized gain for a small aperture object hidden behind
scattering media, for the case where the gain medium is placed at
the imaging plane of the object (blue circles) or at the imaging
plane of the diffuser (red squares). Captions show simulated intensity
distribution of the object (in log scale) at different points of the graph.

can phase lock is high, and consequently the SNR would be
high as well.

To verify this effect, we simulated a ring DCL, similar
to that in Fig. 12, with a simple object of a small aperture
and a diffuser and we compared the lasing output when the
gain medium is placed either at the imaging plane of the
object or at the imaging plane of the diffuser. As a function
of pump power, we calculate the SNR, defined here as the
ratio between the amount of energy inside the object to the
total amount of energy outside the object, Fig. 13.

Indeed, as predicted, placing the gain medium at the
imaging plane of the object significantly improves the SNR.
Furthermore, when the gain medium is placed at the imaging
plane of the object, the SNR drops much more slowly than
in the case where the gain medium is placed at the imaging
plane of the diffuser. Since, practically, in imaging systems
it is preferable to work above threshold (different regions of
the image may have different lasing thresholds, and since the
pump is usually approximately uniform, the required pump is
determined by the lowest lasing threshold in the image), there
is a clear advantage to placing the gain medium at the imaging
plane of the object.

APPENDIX G: PRACTICAL DESIGNS OF THE DCL

In this Appendix we briefly describe two possible con-
figurations that could be used in practical applications. They
incorporate the self-imaging properties and are similar to the
DCL configurations that we investigated.

In the main text, we showed results for a linear DCL where
the object was an amplitude mask that was placed near the
back mirror of the DCL. Realistically, the object could be
a reflective object, as illustrated in Fig. 14(a). Here the ob-
ject must be specular and its reflectivity must be sufficiently
high to overcome round-trip losses. Alternatively, a ring DCL
could be built around an object placed between two optical
diffusers, as in Fig. 14. Here the object is transmissive (or
absorptive, and the image is detected as a negative of the
object) and there are no optical elements between the object

@ Reflective Diffuser Lens Lens OC Lens
object ] : ’
f 2f f 4f
(b)
; Diffuser Lens Lens Mirror
Mirror " .
Mask

49~

Output  Lens
coupler

Mirror

Lens Lens

FIG. 14. Alternative design of the practical DCL arrangement for
imaging through scattering media. (a) A linear DCL where the object
is made of a specular object with sufficiently high reflectivity. (b) A
ring DCL, where either the object is transmissive or absorptive (in
which case a negative of the object will be obtained).
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and the diffusive media. Note that while in a linear cavity light
propagates through a single diffuser twice, in the ring cavity,
we let the light propagate through two diffusive media. Since

the diffuser has a short correlation length, propagating twice
through it is essentially the same as propagating once through
two diffusers.
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