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Abstract:  Rigid endoscopes like graded-index (GRIN) lenses are known
tools in biological imaging, but it is conceptually difficittb miniaturize
them. In this letter, we demonstrate an ultra-thin rigid @swbpe with a
diameter of only 125um. In addition, we identify a domain where two-
photon endoscopic imaging with fs-pulse excitation is fidesWe validate

the ultra-thin rigid endoscope consisting of a few cm of gdthdex multi-
mode fiber by using it to acquire optically sectioned two-pimofluores-

cence endoscopic images of three-dimensional samples.
OCIS codes:(000.0000)
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1. Introduction

Two-photon microscopy [1] is an important workhorse fordstimg biological tissue, for in-
stance the neuronal activity in the brain of living anim&gs3]. For applications where mini-
mal invasiveness is required, miniaturized two-photonrascopes and endoscopes have been
developed[T4]. But the approaches used are challenged tatoniize the instrument below
the mm-scale because standard lenses and graded-indeX)@&Rbkes are not available in
these dimensions. Indeed, at a certain diameter, propagatthe GRIN lens transitions from
a ray-optics phenomenon to a mode phenomenon. The so-tafisieéss endoscopes which
have recently been demonstrated [5.,16./7, 8, 9] might havpdhential to overcome this chal-
lenge, since they are able to utilize standard multi-moder fiMMF) as probes which conse-
qguently have diameters down to 1@@n, and which might in principle be used as insertable
needle-like imaging probes. However, achieving two-phatontrast in a lensless endoscope is
a challenge due to dispersion in optical fibers, and onlysspagports of a two-photon lensless
endoscopes exidt [10,111]. Here, we draw upon concepts figithdontrol in complex media
[12,[13[14 15, 16] in order to propose an amalgam of the egidbscope and the lensless en-
doscope compatible with two-photon imaging which is, ireeff an ultra-thin rigid endoscope
consisting of a short piece of graded-index MMF. In doing sodemonstrate that rigid endo-
scopes can be miniaturized to sub-mm diameters and thapfiveach does not compromise
the optical sectioning capability of two-photon imagindig paper is organized as follows.
Sec[2 gives a brief overview of the employed concepts antiadst Sec$.]3 arid 4 deal with
the characterization of the MMF and detail the experimemigthods and obtained results, re-
spectively. Sec§l]5 ahdl 6 account for the two-photon engisnaging experiments that were
performed with the MMF as an ultra-thin rigid endoscope aetitithe experimental methods
and results, respectively. Finally SEt. 7 discusses tHenpeance and further developments of
ultrathin endoscopes for two photon based bio-imaging.

2. Experimental

2.1. Concept and formalism

Figure[1 shows a conceptual sketch of the ultra-thin rigidosaope which is a short piece of
graded-index MMF. We use a simplified single-polarizatibage-only transmission matrix ap-
proach[[12] 15], in this case the MMF is represented by threstrassion matri;” which links
input mode to output modes. The quasi-plane waves taken as input modésind character-

ized by theim-vector(kf(i) §,i)) are generated by wave front shaping methods with contiellab

)

phasesp (Fig.[, left). We choose as the output basis the localizedeséu} characterized
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Fig. 1. (In color) Conceptual sketch of the rigid endoscope the employed formalism.
Light travels from left to right. (Left) A full set of experiemtal input modes. (Right) A full
set of experimental output modes; the output light can kecte into any one of these.

by their location(x"),y¥) (Fig.[, Right). The transmission matrix is then measurethas
rows of input coefficients that maximize injection into outpnodeu. So, once we know"

of the MMF, we are able to do endoscopic point-scanning imgagly sequentially sending the
input coefficients defined in row of H to the wave front shaper and acquiring the integrated
fluorescence as a function of,(y,). The image formation procedure is completely analogous
to the now standard point-scanning two-photon microscope.

2.2. Graded-index multi-mode fiber

The fiber used is a graded-index multi-mode fiber (GIF625,rEbs) with a core diameter
of 62.5 um, a cladding diameter of 126m, and a numerical aperture (NA) of 0.275. The
V-parameter of this fiber i§[17]

V- ZT"aNA —514 1)

whereais the core radius and NA is the numerical aperture. The nuofimodesM supported
by the fiber is[[17]

N ——— (2)

with p the grade profile (proprietary information for this fibersgumingp = 2 givesM = 637,

or around 319 polarization-degenerate modes. We have thosese graded-index MMF be-
cause it greatly reduces the mode dispersion as comparbatgp-index MMF. In standard
textbooks|[[17] estimations of the group velocity spreachmtivo kinds of fiber can be found:

) 2
Vis,r;erhndex ~ ni(l_ (I +'\im) A), 2<(I+2m) <VM 3
1
\graded-index i(l— EA_Z) 1<q<M (4)
q ng M 27 -

whereA is the refractive index difference between the carg &nd claddingifp). From this,
one finds that the group velocity spread (defined as the diifex between the largest possible
and the smallest possible valueyfis smaller by a factoA/2 ~ 1/50 in the graded-index
MMF. In the employed MMF, we expect a group velocity spreadpetre of fibre of 8.58 ps/m.
In the shortest piece of fibre used in the following experitag@.3 cm), this gives a group
velocity spread of 197 fs which is comparable to the duratithe laser pulses employed.

3. Detailed methods: Fiber characterization

3.1. Setup

Figure[2(a) shows a detailed sketch of the experimentapgbat we employed for this set of
measurements. Laser lightis incident on a 2D-SLM (Hamamé8267-15) on which a phase
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Fig. 2. (a) Experimental setup 'Setupl’. Laser, either &a$er (Amplitude Systemes t-
Pulse) or a continuous-wave Yb fiber laser (IPG Laser, GmAID, half-wave plate. Pol,

polarizer. 2D-SLM, two-dimensional spatial light modula{Hamamatsu X8267-15). SF,
spatial filter. MMF, multi-mode fiber (Thorlabs GIF625, 16615, or 2.3 cm long). CMOS,

CMOS cameraf; = 500 mm;f, = 80 mm; f3 = 6.24 mm;f,, 20x microscope objective;

fs = 150 mm. (b) Example mask on the 2D-SLM during transmissiatrimmeasurement.

(c) Example mask on the 2D-SLM during output mode intensigasurement.

mask of hexagonal segments on a triangular grid is displgsigd2(b) [2(c)]. The segment with
indexi diffracts light into the 1st order in order to project theighent light onto input mode
with a controllable phase from 0 to 2. The phase mask thus comprises 1027 segments of
the form

oMK R) — sawtoothig + 2mfe - (R— R))], (5)

wheref; = 1/14.1 (i[sz %9) pix 1. The pitch of the segment positiofs is 25 pix. The
1st order is isolated by a spatial filter. The 2D-SLM is lodatea Fourier plane of the MMF
proximal endface; this way, the positidd of an input modd on the wave front shaper is
proportional to its transverdevector at the MMF proximal endface. The input basis is thus
the basis of quasi-plane waves (diameter of one input mode88ompared to the MMF core
diameter of 62.5um; input NA 0.284, compared to the NA of the MMF of 0.275).

3.2. Measurement of transmission matrix

In the transmission matrix approach[12] 15], and consigesinly one polarization, the MMF
is represented by the transmission matrix

HY = AR (6)

which links input modé to output modaeu. It is important to note that the input modieand
the output modes have nothing to do with the eigenmodes of the MMF. The inpdt@uiput
bases can in principle be chosen without any knowledge ofikié eigenmodes. In practice
however one will of course choose input modes that coupleefiily into the MMF; and output
modes that lie within the emission cone of the MMF. In our aagh, we measure onB, i.e.
the phase part. In principle our method could be modified tasuee the amplitude pafd' as



Fig. 3. A graphical sketch of the procedure for measuringréesmission matrix. (Left)
The stack of 8 images acquired on the CMOS camera for 8 etandig . (Right) Intensity

|b(”> |2 in the output mode u (the pixel marked by the white dot) as atfan of @;; stack
of 1089.

well, but in the following we do not do so because we do notidt® do amplitude shaping (an
inherently lossy process). The amplitude part thus renainsknown which, however, has no
serious consequenceés|[5] 15]. To measure the transmissiixmve must measure the phase
of every output mode for every input mode. The measuremgotighm is as follows. We send
two modes, the reference mode 0 with phase 0 and the mode tastiewith phaseg;, into
the MMF [using a mask like Fid.]2(b)]. As output modes we cleothe localized modegu}
whose locations are conjugated to the pixels of a CMOS ca(B88sa33 pixels, 43.2um wide,
for a total of 1089 output modes). The intensity in all pixslsecorded for 8 equidistant values
of ¢, between 0 and2 Mathematically, when this field (mode 0 with coefficient danode

i with coefficient &) is injected into the MMF the output intensit¥)|? in the u'th output
mode will be

W2 = |H'¢% +HY?
= |ARdR + Age |2
= |A'P + A2+ |A'AGcos P! — RS + @). )

In each pixel, thep; that maximizes intensity equalsP” + Pj which is the sought after quantity.

In Fig.[d the measurement is described graphically. We dorsalffi (1027 input modes). With
this, we measure the complex part of the transmission megfative to the complex part of
the first row,i.e. we measure eXgR" — P§)]. The fact that we do not measure absolute phase
values has the consequence that we do not know the phasesaftffut modegu}. But this

is inconsequential in this context since we aim to send aseoergy as possible into one and
only one output mode at a time.

3.3. MMF characterization

Our aim is to determine the optimal trade-off between endpsdéength and temporal broaden-
ing due to chromatic and mode dispersion in the MMF when usltrg-short pulses. In other
words, we seek the longest length of MMF where no effects ofrmiatic and mode disper-
sion on the transmitted pulse can be observed. To achievevthiake an empirical approach
based on the following rationale: A continuous-wave (cvgelahas negligible spectral width
and so it suffers no effects of chromatic dispersion, antheeis it adversely affected by mode
dispersion since its coherence length is much larger thamviikoff due to mode dispersion.
Since the detected quantity, the intensity on the camegarésult of the coherent superposi-
tion of the fiber eigenmodes projected onto the output bsiscw case always perfoms the
best. However, in the case of fs- illumination, the modabeision imparts a differential group



delay amongst the various modes. This would indeed leadeduction in the detected inten-
sity values obtained after the optimization procedureéfytitretch the original pulse. Hence,
a comparison of the intensity enhancement can be pursuedasria for determining the ef-
fects of mode dispersion on the pulse length. However, ifarid if material dispersion is the
singular reason for pulse stretching, the intensity enbiar@nt is not a valid metric anymore.
This is far from being the case in MMF fibers and hence, thegperdnce of the ultra-thin rigid
endoscope with a cw-laser can be used as a benchmark againktthve performance with a
fs-laser can be compared; and the longest MMF length thasgiimilar performance in both
cases is the optimal trade-off.

As a measure of the performance we will use a mean of the adfigintensity of the output
modes. Once we have measuRt(we omit the offset in the following), which we did above,
the maximum intensity in output modes achieved when a superposition of all input modes
with phasegg = —P" is injected into the MMF. An example mask on the 2D-SLM thdtiaces
this is shown in Figd2(c). Put differently, the intensi*)|? in output modeu is given by

BUP = |y HE

| !JeiPi“efiF‘iu|2.

.ZA'

= IYAR (8)
|

The mean of the seib(")|2} is then the measure of the performance that we will employ. To
measure it, we measure ofi¥”)|? at a time as the intensity of the CMOS camera pixel associ-
ated to output mode when the 2D-SLM displays the mask for whigh= —P" [like Fig.[2(c)]
(1089 measurements, one per output mode). We go througprtdsdure two times per MMF
length (once with the cw-laser, once with the fs-laser), weddo it for three different MMF
lengths, 16.1 cm, 6.5 cm, and 2.3 cm. A graphical sketch desgrthe procedure of these
measurements are highlighted in Hify. 4 and the resultintysisaf the obtained intensities in
the output modes in each case are presented iflFig. 5. Wehaot®t this set of experiments,
we chose a number of input modes (1027) much larger than tideuof MMF eigenmodes
(around 300). By this massive oversampling we want to agbateevery MMF eigenmode has
an overlap with a subset of the input basis. The motivatidnrzkthis is twofold: (i) To probe
the adverse effects of mode dispersion; and (ii) to obtagnniiaximum achievable injection
into all output modes. We also note that in the resulting fép|(x,, yu) there are some ele-
ments, even within the MMF boundary, that have very low valUéiis is caused by the fact that
for determining the transmission matrix we use a co-propagaeference—which is itself a
speckle containing dark and bright spots. For those outjpgtasu that are located at positions
(xu,yu) coinciding with the dark points of the reference, it is diffit to measure the transmis-
sion matrix with acceptable precision. This in turn leadslifficulty injecting efficiently into
those output modes. This point was also made in Reéf. [5]. & mbte that all the results in
Fig.[3 originate from only one polarization state of the MMRut light, the other polarization
state was blocked by a polarizer. We have observed that fazdrdally polarized input the
MMF effectively scrambles the polarization state so onllf feamains horizontally polarized at
the output. The presence of the polarizer thus implies adbbkalf of the available light.

4. Results: Fiber characterization

4.1. Optimal trade-off between endoscope length and teahparvadening

In order to be useful a rigid endoscope must at the same tireedhkength greater than a certain
value and additionally—if short pulse excitation is to beds-a length smaller than a certain
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Fig. 4. (In color) Sketch of how to arrive Ehu|2(xu,yu), the measure of MMF performance
with a chosen laser. The output intensity maps are the imeigée MMF distal endface
seen by the CMOS camera; from each of these images the doleiéntensity is measured
as the intensity of the mode ag,(yy) marked by the arrow; then, from the entire stack of
these images the achievable intensities in all modes arsurezhand used to create the

map|b(”) |2(Xu7YU)-

Output mode (L = 2.3 cm)
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Fig. 5. Finding the optimal MMF length. (a,b) Achievablednsity in output modei vs.
(xW y(Wy for MMF length of 16.1 cm; (c,d) 6.5 cm; and (e,f) 2.3 cm; amd a,c.e) fs
illumination; and (b,d,f) cw illumination. The intensityalues for each MMF length are
normalized to the maximum of the cw-case intensity. g) andrb)a discrete subset of
the data in e) and f) plotted for better visualization anddaromparison of absolute en-
hancement of intensity in the output modes in fs and cw ilhation schemes. Dashed line,

outline of the core of the MMF (@62.6m).



value in order to avoid temporal broadening due to groupydsaead. In order to find the opti-
mal trade-off, we take the empirical approach detailed in[8eSince a cw-laser is not subject
to any temporal broadening in the MMF, we first meaddievith a cw-laser and subsequently
record the achievable intensity in all of the output modeNext, we do the same, but with a
fs-laser, and again record the achievable intensity in thput modess. We repeat these two
steps for three different MMF lengths. If the outcome witiwalaser is identical to the outcome
with a fs-laser, then temporal broadening due to group dgagad is negligible. The results
are shown in Fid.15 from which it is apparent that for MMF lemgf 16.1 cm the results from
the fs-case [Fig.]5(a)] and the cw-case [[y. 5(b)] are digat. However for shorter MMF
lengths, as well 6.5 and 2.3 cm, the fs-case [Elg. B(c), =B} the cw-case [Fidl 5(8),5()]
give virtually identical results. From this we concludetttiee employed fs-excitation (180 fs
at 1035 nm) is negligibly temporally broadened in MMFs ofd#ninferior to 6.5 cm. It is
important to note that, as seen from Hig. 5, this conclusidshfor all &Y y(¥) within the
MMF core area (delimited by dashed circles in £ifj. 5) meatitag both lower- and higher-
order MMF eigenmodes undergo negligible temporal broadgdue to group delay spread.
The measurements were done with an overcomplete input 8327 modes (compared to
around 300 supported eigenmodes in the MMF) spanning arregik-space larger than the
MMF input space (input numerical NA of 0.284 versus MMF NA 0215), assuring that our
observations contain no artefacts stemming from an incetajasis. The maximum observed
Strehl ratio in the considered linear polarization stateev® % (16.1 cm MMF); 67 % (6.5 cm
MMF); and 83 % (2.3 cm MMF). To further confirm our results, wesameasure the temporal
duration of output modes by background-free autocor@tatiVith 4 cm of MMF the output
mode has a duration FWHM of 280 fs compared to 240 fs befor&M&, or a difference in
second-order spectral phase of 2000(feansform-limited FWHM 124 fs). A similar observa-
tion was also made in[11], by Morales-Delgagtal. which demonstrated that if one employs
a subset of MMF eigenmodes one can to a large extent retaishitne pulse duration. The
difference in our present work is that we can retain the spioite duration while employing
all MMF eigenmodes simultaneouslye. we are not constrained to sacrificing spatial degrees
of freedom.

5. Detailed methods: Two-photon endoscopic imaging

In this section we describe the experimental proceduresnlyidg the imaging experiments.
In order to facilitate imaging at reasonable speédsat speeds higher than the update rate of
the 2D-SLM, we have employed a 163-segment piston-tigltiformable mirror (DM) which
has an update rate in excess of 1 kHz. This approach thusses¢he achievable imaging rate
at the cost of number of input modes, limited to 163 by the nemnatd segments of the DM.

5.1. Setup

Figurel®(a) shows the setup used for the two-photon imagipgréments. Laser light from the
fs-laser is incident on the 2D-SLM on which a phase mask ohberal segments is displayed
[Fig.[B(b)]. Each segment has a parabolic phase term,

T = =

|R_Ri|27 (9)

q)mask
i f
conc

so that the mask works as an array of concave mirrors, ancgtriar spot pattern results
at a distancef¢onc from the 2D-SLM. The pitch of the segment positidﬁsis 47 pix. The
spot pattern is imaged onto the DMy (f), in such a way that there is one spot centered on
each DM segment. This configuration mitigates any advefsetsfthat might arise from beam
clipping on the DM segment borders. Here, it is now the pistbaa DM segment that imposes
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Fig. 6. (a) Experimental setup 'Setup 2'. Laser, fs-laseh@ent Inc., Chameleon)./2,
half-wave plate. Pol, Polarizer. 2D-SLM, two-dimensiogpétial light modulator (Hama-
matsu X10468-07). DM, deformable mirror (Iris AO, PTT-489F, spatial filter. DC,
dichroic mirror. MMF, multi-mode fiber. S, sample. Pol, pitar. CMOS, CMOS camera.
BP, Bandpass filter. APD, avalanche photodiodes 300 mm;f; = 150 mm;f3 = 500 mm;
f4 = 80 mm; f5 = 3.1 mm; fg = 20x objective, NA = 0.45;f; = 150 mm;fg = 100 mm;
fg = 150 mm; 10 = 4.55 mm. (b) The static mask on the 2D-SLM during the expenits.

the desired phase on the input mode respresented by a spatimg tog = 477/ - piston.
The MMF proximal endface is located in a Fourier plane of ti\é &hd the 2D-SLM. So here,
as before, the positioR; of input modei is proportional to its transversgevector at the MMF
proximal endface. The input basis is thus still a basis osgpiane waves (diameter of one
input mode 56um compared to the MMF core diameter of 621B; incident angle of input
mode up to 0.217, compared to the NA of the MMF of 0.275).

5.2. Measurement of the transmission matrix

For the two-photon imaging experiments we measure thermigsgn matrix in a way com-
pletely similar to what was described in SEc] 3.2 and [Big. th wifew exceptions: The input
basis set consists of only 169 input modes, limited by theremof DM segments; and the
phase of tha'th input modeq is set by the piston of the corresponding DM segment; and
finally, the transmission matrix is generalizedH@(Z) by which we mean the transmission
matrix measured with the CMOS camera conjugated to a plaradd a distancg from the
MMF distal endface. Before each imaging experiment, we nread"(Z) for a number of dif-
ferentZ, typically 16 equidistanf between 0 and 150m, which facilitates point-scanning in
three dimensions.

5.3. Imaging experiments

Two-photon imaging is performed in a way very similar to whats described in Séc.3.3 and
Fig.[4 with the following difference: For eaahthe integrated two-photon fluorescence signal



was detected on a single-point detector, an avalanche gilbdi®(APD), located at the proximal
end of the MMF. That is, part of the two-photon fluorescenasegated in the sample at,(
Yu, Z) is back-collected through the MMF, split off by a dichroidrror, sent onto the APD and
detected in photon-counting mode.

6. Results: Two-photon endoscopic imaging

6.1. Point-spread function and field-of-view
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Fig. 7. (a,b) Transverse and axial two-photon point-spifeadtion measured in the epi
direction andZ = 50 um. Dots, slices of the images. Full lines, fits to the slicad/HMs
retrieved from the fits: (a, top) 1.55, 2.01, 2.Fmn. (a, right) 1.97, 1.80, 1.1gm. (b)
18.1um.

We turn now to two-photon imaging through the ultra-thindigndoscope which is now a
MMF of length 4 cm. To measure the transverse and axial twatgphpoint-spread function
(PSF) of the system, we image 200 nm fluorescent beads wittiedpction of the two-photon
signal, Fig[¥. Given the MMF NA of 0.275 we expect the onetphd®SF to have transverse
and axial FWHM of 2.33 and 28.A4m respectively. This in turn predicts a two-photon PSF
with transverse and axial FWHM of 1.65 and 2Quin respectively, which is in agreement
with the experimental results in Figl 7. Another importaonhclusion to draw is the fact that
forward and epi-detected images are virtually identicae(@ppendix_A for a side-by-side
comparison), which testifies the near-optimal performanfitiee imaging system in endoscopic
(epi-) mode. As the imaging depth,(measured from the MMF tip) is increased, the size of the
PSF increases due to the geometric decrease in NA availabfedusing (See Appendix]B).
The dimension of the images in Figd. 7(a-d) is1 um which we found to be the useful field
of view for two-photon imaging, an area slightly smallerriiiae MMF core area because of the
nonlinear dependency of the two-photon signal upon exaitahtensity and the dependence
of the NA of the graded-index MMF which decreases towardstite boundary.

6.2. Imaging of three-dimensional samples

An inherent property of TPEF microscopy is the optical sedtig capability, allowing to pro-
duce 3-dimensional images of the sample. The presentthitnaigid endoscope also retains
this ability when used in conjunction with the transmissioatrix approach. In order to show-
case this, we fabricate a 3-dimensional sample consisfiregroicroscope coverslip with a
layer of 2 um fluorescent beads on either side. We image this sample ataselepthsZ by
employing theZ-dependent transmission mathi'(Z) (See Sed.]5). Figufé 8 shows an excerpt
of the results. As th& is increased from one image to the next, one sees no visiateres at

Z =10 um [Fig.[8(a)]; the first layer of beads appear&at 40 um [Fig.[8(b)]; atZ = 70 um
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Fig. 8. Two-photon endoscopic images of a 3-dimensionap$agonsisting of two layers
of 2 um fluorescent beads. Images acquired at diffeienfa) 10 um; (b) 40 um; (c)
70 um; (d) 100um The intensity scale is the same in all images. Scale bguni0

there is once again a zone with no visible features [Hig.]8&)d finally, atZ = 100 um
the second layer of beads becomes visible [Hig. 8(d)]. Tldasurement thus clearly demon-
strates that the optical sectioning capability of two-gmoinaging is retained when using the
ultra-thin rigid endoscope as the imaging element. Thedtaltk of images can be found in
AppendiXC.

Further more, we also image the actin cytoskeleton of CH@ tahelled with ATTO-532
fluorophore in two-photon imaging mode with both distal and@scopic detection. The results
are presented in Fif] 9. The cellular resolution and seitgiis clearly demonstrated in both
the modes. And distally collected images appear margiteifyhter due to the increased NA
of the collection objective (measured-NA = 0.38 as compaoethe fiber collection NA of
0.275). Nevertheless, high detection sensitivity is eitéibin the endoscopic configuration for
conventionally labelled samples.
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Fig. 9. Two-photon proximal and endoscopic images of catlsamples.

6.3. Mode scrambling: comparison to 'free-space’ imaging

In this section, we assert that the ultra-thin rigid endpsda the form of a short graded-index
MMF is a near-perfect mode scrambler. By 'mode scrambling refer to a process whereby
a single input mode spanning a regiorkedpace is mapped to a different regiorkedpace by
traversing the MMF. This also applies to an ensemble of impoadies with consequences that
will be detailed in the following. We can establish this if wen measure significant differences
in the input and output spatial frequency spectrum. We nredbke input spatial spectrum with
a camera in the pupil plane of the last lens before the MMF,thadutput spatial spectrum
with a camera in the pupil plane of the first lens after the MFigured 10(a)-10(d) show the
chosen input spatial spectra while the corresponding ¢sfatial spectra that result therefrom
are shown in Fig$._10(€)-1LO(h). It is immediately apparkat tn no case is the output spatial



spectrum a subset of the input spatial spectrum. Two impbdiferences appear, the output
does not have the periodicity or segmentation of the inpud;the output in general contains
components at higher as well as lower transvé&rsectors than the input meaning that new
transversd-vectors are generated in the MMF.

Fig. 10. Measurements of MMF mode scrambling propertiesd) (Bxample inputk-
spaces. (e-h) Corresponding outgtgpace with inpuk-space as in (a-d). Dashed circles,
delimitation of the MMFk-space corresponding to an NA of 0.275.

Fig. 11. Consequences of the MMF mode scrambling prope(tes) Images of the actual
intensity distribution when injecting maximally into thetput mode marked by the arrow
for (a-d) MMF length of O cmj.e. without MMF. (e-h) MMF length of 2.5 cm. Dashed
circles, delimitation of the MMF core (862.5 mm).

These observations are reminescent of those done for pabpa@f light in scattering me-
dia [1€] and their impacts become apparent in Eig. 11 whexénttensity of an output mode is
optimized with and without the MMF in place. In Figs.] 11[&ld) the intensity of four output
modes along a horizontal line have been optimized at theiposnarked by the arrow in the
absence of the MMF (MMF length equal to 0). What is displayethe actual intensity dis-
tribution from which it is immediately clear that the choioka periodic input base gives rise
to replicas—optimizing injection into one output mode atsmses significant injection into
modes located at regular intervals from the targeted molde tdrgeted mode can be disentan-
gled from its replicas by a passage through the MMF. Now, ipaii modes are coupled into
2.5 cm MMF, and optimizing injection into the same output medt the output of the MMF
now gives the actual intensity distributions shown in HIgi(e)EL1(h). Contrary to before light
is not injected preferentially into any other output modesitthe targeted one. A fraction of the
light does however go into a broad speckle background. licdinéext of two-photon imaging
a speckle background is strongly discriminated againshkynbnlinear dependence of two-



photon signal upon excitation intensityf (Figs.[7.8)—which would not be the case if strong
replicas were present as in Figs] 11(@)-11(d). From this \&g oonclude that even a short
piece of MMF scrambles an ensemble of periodic input modesigmthat all input periodic-
ity and its derived artefacts are cancelled. Another imgadrtonclusion is that the localized
output mode can be smaller with the MMF in place than withbet¥MMF. This can be appre-
ciated from comparing Fig._11(b) (FWHM = 26m) to Fig.[11(f) (FWHM = 2.3um). This

is due to the broader spectrumlefectors in the output which is evidenced in Hig] 10. The
enlarged output-space seems to be in contradiction with previous reportpatial control of
light in step-index MMF where it was observed that the ralltaéctor was to a large degree
conserved through even metre-long sections of step-indeteNF]. The discrepancy might
be due to more complex mode coupling in graded-index MMF. den¢ paper[18] measured
the full transmission matrix of a 2 metre long graded-indeMMand indeed found coupling
between all members of the mode groups and even between magesgSuch mode coupling
would be accompanied by lack of rotational symmetry of the RMhich is indeed what we
have observed; the same measuti¢ds not valid for the rotated MMF. These conclusions are
reminiscent of the conclusions in numerous studies of figbssing through scattering media
[16,[14]. Indeed, we could say that we are using the MMF in a argglogous to the scattering
medium in the cited references. The main difference is tatMMF supports a much lower
number of eigenmodes compared to the number of input modeggineral scattering media,
which translates into lower light loss into the speckle lzaokind, crucial for our application in
two-photon imaging where throughputis essential; andergttaded-index MMF there is much
less temporal spread than in scattering media of the saclen#ss, which is equally crucial for
two-photon imaging. Indeed, as seen in Elg. 8 we retain seifficntensity to allow two-photon
imaging at low average powers.

7. Discussion and conclusions

As has already been noted in several articles on lenslesseopes based on MMF, the trans-
mission matrix is extremely sensitive to twists and bendthef MMF [19,[20]. Hence, the
MMF has to remain static—this also applies for our ultrazthigid endoscope. In an applica-
tion it would thus have to be held in shapeibs. a rigid steel canulla. As long as the shape is
maintained the measurent of the transmission matrix of ltha-thin rigid endoscope can be a
once-and-for-all measurement.

We have observed no memory effeicg, correlations between differential input and output
wave front tilt—correlation were not expected either, sintherwise the MMF would not be a
mode scramblercf Fig.[11). On the other hand, we have observed a high degressitience
of an output mode to differential input wave front tilt. Thésinteresting in view of the need to
interface a microscope objective with the rigid endoscadjpés result shows that there is some
tolerance.

From recent results demonstrated in Refl [21], it may besaged that a numerical correc-
tion to the measured transmission matrix could sufficiecdignpensate for further fiber distor-
tions. In conjunction with the results we have demonstrétad further enhances the viablity
of MMF based two-photon endoscopesiimvivo applications.

We have demonstrated two-photon endoscopic imaging thramgultra-thin rigid endo-
scope, a few cm long graded-index multi-mode fiber of only L2 diameter.To unlock its
full potential and exploit light in both output polarizatigtates, a transmission matrix approch
considering both phase, amplitude, and polarization atbedines of Ref.[[5] might be re-
quired.

A current challenge in brain activity imaging is to simuksly image activity in parts of a
network that extend beyond the field of view of a microscogedative, typically 500um wide.



Referencel[22], by Lecost al., proposed a solution based on a two-photon microscope with
two articulating arms, each terminating in a rigid endos;@GRIN lens of 1 mm diameter.
Another challenge is to image activity from brain regionspier than 1 mni]3]. We believe that
the present findings and the outlined perspectives can beedntieg factor for endoscope-based
simultaneous interrogation of neuronal activity in mukigistant and deep brain regions.
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Appendix
A. Comparison of forward and epi-detected images
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Fig. 12. Side-by-side comparison of the efficiency in fordveetection and endoscopic
detection. (a,b) Image of 200 nm fluorescent beads acquirelistal collection. (c,d) Im-
age of the same sample acquired by proximal (endoscopiegtitat. Allimages are on the
same scale. Scale bars, 6.

Figure[12 is an expanded version of Fig. 3 in the main manptsdtishows, additionally,
the image of the same sample of 200 nm fluorescent beads whewakphoton fluorescent
signal is acquired on a distal detector [Figsl 12(a),12@Egured IR(c].12(d) are identical to
Fig. 3(a),3(b) in the main manuscript. From the fact thaitieges are almost indistinguishable
it can be appreciated that endoscopic detection througRIME is efficient.



B. Point-spread function vs.Z
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Fig. 13. One-photon PSF versus distance from the NVifa) Axial width FWHM versus
Z, measured for the output mode in the center of the MMF. (b)ifdiim transverse (x and
y) width FWHM versusZ.

Figure[I3(a).13(b) present the measured axial and traseswere-photon PSF respectively.
At 0 < Z <50 um the measured points are well described by

0.61A

2A
az = & (11)

where the NA corresponds to the fiber NA (0.275)ZAt 150 um the measured points are well
approximated by the same equations with NA replaced by act@fe NA NA(Z) = d/(2Z).

In the intermediate region 50Z <150 um it is less trivial to define an effective NA due to the
fact that the NA of graded-index fibers is a function of theabdoordinate. Figure 14 presents
a more detailed view, the lateral width of the one-photon RSthe entire plane. As can be
seen the width remains fairly homogenous over the entire éiView.
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Fig. 14. Lateral width of the one-photon PSF (x-directiooy) differentZ: (a) O um; (b)

50 um; (c) 100um:; (d) 150um; and (e) 20Qum. Dashed circle, outline of the core of the
MMF (262.5um).




C. Imaging of 3-dimensional samples

In Fig.[18 we present the complete dataset of which an exeepshown in Fid.]7 in the main
text.
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Fig. 15. Two-photon endoscopic images of a 3-dimensiomapaconsisting of two layers
of 2 um fluorescent beads. Images taken at diffe#r(a) O um; (b) 10um; (c) 20 um;
(d) 30um; (e) 40um; (f) 50 um; (g) 60um; (h) 70um; (i) 80 um; (j) 90 um; (k) 100um;
(I) 120 gm; (m) 120um; (n) 130um; (0) 140um; (p) 150 um. Pixel dwell time 8 ms.
Total average power on the sample 1 mW. Scale bagr0
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