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Fig. 1 Lateral resolution, axial field of view, and working distance of optical coherence tomography (OCT) system.

(a) Gaussian beams under low NA focusing and high NA focusing; (b) light focusing with spatial pupil filter
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Fig. 2 Spatial filter based on large-core-fiber (LCF) ( only

skew rays from a single annular area from SMF are

depicted in the below panel demonstrating three-

dimensional light rays; SMF: single mode fiber;
NCF: no core fiber)

T LCF 063 18 il 5 35 7 40 07 A2 1 3 7
AR DRI A A X KR BB B R Y 23 (]
1 7 25 T B AR A T LCF 3833 985 fH IEAC Bessel R
B ok 118 A 3 5 A5 X P R A7 Sk T 4 9T A% B 1Y
WEAE AR . AR LB AT LCF &R i 8 Y K ok
A AR F LCF BA /40 07 A 19 31 5 53 X
FLBE L PRt LCF A9 4R A7 A8 A X6 6 £F 4 BE AR X A gk
JEE T LCF #83k 76 il & 7 i i e 8

LCE B AH A 18 45 3 B 5 A 8 8 7 90 [l A5G, i
JEH BT LCF B EE L™, LCF BIH — 1A &
Wit R o, REBHL DML, —H K, H LCF 1y
KETE gL, ~(¢+ DL, Wl N (¢ B AREO 2Lt
il 52 TR A5 A5 AR 07 22 B A 7 3R . (A T B Ak AR ] €2
B OCT R G0R 4l 43 B3R LCF 19K 771
—A EBRME., —ERBMDERE 2 AL /NT OCT &
%E‘Jiﬂﬂ'ﬁlﬁ%}?%ﬁ AZ()CT 7JJ3|3 LCF E{Jﬁﬁﬁ%?ﬁﬁyﬂ

gL, < L,¢ < min{ (g +DL,,

Az ger }
b

(M o, L0F — Ml LeF ) max{}’o] — 7o y

K :Lyer 52 NCF K JE 7, =d(Vb,;,)/dV . EH
LT B 2R R G EE R T
DL 3K By DOF ¥4z (H B & 5 X % & 19 s
ALCL ) BN I 52 5 OCT B9 5l 18] 43 ¥ %, X
17 5 SO A 22 1 T B R 32 R . PRk, 7R ] 32
FIREE AT o 36 T LCF B4k £ 75—~ DOF 4 25
BRIV SE  _E BR X TG LCF #3k 19 I H v 71 H
HHEERZ L.

LCF A= i (i e F 3 & 40k X F & 2
HEEL (SMF) 5 LCF B %M % SMF K
W H % Ege 5 LCF th LP, W4 25 K
concr s B84 LCF w1 LP,, B 8IEAE AT LLF R N

o P in
Ay LcF — Cu LCF N ’ (5
7. LCF

K. P, B SMF B AT %N, o H LP,, BEH
e %, & n, A LCF = &z K g (8 A9 8 X B 45, 458
YA MFD) sl R B K, n, 8K, — Bk
Uhon, B, LCF d iy 3 24 K B 42 Bessel O
HMTE A R 1) DOF 3 25, [R5 I H 5% o 1) 22 9 5k
JEE A L T EL A O RO B R 5K LCF A2k
F ARG . DR, G fe] A ORI 1 (] B OR g
A VR ) A T B RV /N 1 5 I A T i e e 1Y
R ) 2 —
2.3 LCF#HRIMHG xR

FT LCF ML A WA TERER, 75 J0i5 B
KT, LCF H AL 09 H 56, &l 3¢a) iR,
BER G R IR LCF 2R i i 37 76 349 23 A Jo o 14 i i
Y. 25 n, > 1 W & BT 23T Bessel BT /EH .
B SR Y H S A

N
.27
E. (rz) =~ Zan.l.(‘,]-‘exp [] T(ncff.()n — N1 LLCF:| .
n=0

27

exp (] 7 "3 - 7’150.1‘(‘5 + nZIf.ou Z) o (6)

FEZ3 )8 P B R L LCF 38 i 9 45 37 728 37 5 ROk
(GIF) A [ 4b () 5% 7 o 18] £z 52 B 5 06 By 8 #.
GIF Ay SRR R 1/4 3585, Bb i GIF A9 i I 1 2 73
FEOAT 5 TR S AR T . FEUT R R L GIF J5 AR 1 A
HL 30 LCF J % 1 #3719 0l B i A 0200 i B e o
()L 3 R Rk

E,. (P’Z) =2 Zan.l‘cFeXP Dk (M efr0n — Metrior ) LLCF:I *
n=1

"l LCF

N
2 Z a,.1crb, exp Dk Mefro0n — Netror ) LI.CF] *
n=1

co, LCF

_ _ kot ort
1 Cor e — ) o Gengro) exp( =767 )
kg’ zr’
Ko (b /0w — e ) Jo Chn grp) exp(— Y ) dr, (D)

ﬁEP:kZZTE//\;g i 2 Lp,GIF:Z?T/gv/ﬁ\:EF’ L, =

GIF B8R ;- F o 4350 3R 78 LCF Ji5 S I A AL AR 25 1]

2007201-3



FR 8818 3L

£ 49% 520 H1/2022 £ 10 B/ E ¢

AR ) AR bR s = 2 A% 25 TR B Bl AR AR b, R AR R
LP,, 1503750 A eRBUCHE 0 2 5 0 2 T T Ak 3 252 1) o 2R
BHK, NEN 2B IF Bessel %L, XFH R (6) M4
— TGN (7) AT DU SR B Al T AER SR SO R
FORE BB 2T SR 0 373 o — R4 T,
PRI R LA 1 25 TR 8 A X Hh G R i i b3
IR Jo PRI LA R AH 7 PR 7 P 20 e B A3 46 5 119 46
PR G . HHEAER TAE XIS DOF #5502
Ak LCF B3k B EH B E RN EZ —.

(a) (__SMF L L

) (_SMF LCF T

© SMF LCF NCF ;_cmg_
I

(d) SMF LCF NCF TITS

Bl 3 BT LCF £ k iy 7 A T AE 882X LD ROL iy op 4k,
(a) LB, LCF B A £t 59 6 3 s (b) 23 6] Uk
B3 LCF A g 23 0] 8 0 &% - 38 5 341 425 9 B8 ( GTF) Al it
Ab 1 5 TR] B 92 80 LB SO0 AR IR 4 5 (o) (D B 5
(GIF2)¥§ LCF 5 GIF 19 th 59 6 5 v 4% 2035 S
Fig. 3 Two working modes of LCF-based probes and relay
of light beam. (a) Lens-free mode, where the output
beam is regulated directly by LCF; (b) spatial filtering
mode, where the output beam is regulated indirectly
by LCF through controlling light field on the entrance
pupil of the objective (GIF); (c¢)(d) output beams
from LCF or GIF are relayed to the outside of probe
by the lens (GIF2)

i BB LCF 8¢ GIF 4 H 5 3 v 4k 31 4% 3k
AN R AR AR B R T AR A DOF, 4 3(c) . (d)
IR WARVE LT L L op 20 RN

exp [J il(ne[f-()ll — Megr01) LL(’I‘} e {(—1,1},

n€ {1,2,~,N}, (8)
AT T B F A T 19 3 e L=k (6) firs |
M2 23 [B) e P AR 20T 1 R SR L an =R (D iR 1L 88
DL X FR 5 FR AT

Io\,‘(p,z):‘Eo\,l(p,z)‘ZZIO‘,‘(p,—z)o 9
FEAE RGBT 1, (p.2) FAL 2 >0 Y —
T RSk M 5 25 b 4k B L 00 AT LA TR R = <<0
F9 55 — 2 v gk B0 45 3k AR, T 2 — 2B 3R AR A%
DOF #f 45, {H GIF WK E — AT 1/4 1R, M A
LCF A9+ B — st A 3 2 28 (8) BT /i 1 A A2 25 14 . DA
M2 7E 27 H 5] A B AH A7 5, 5 B (9 AN KT,

FH T S O A B 1 R X FR S P 4R GE 9 DOF 3 25 24
HONT WA, F O, X LCF F1 GIF 4 K Ji 3% [6]
B AT A R LR IR A LAY,
2.4 LCFHRILWSHEMK
Wit LCF 3k i Pk 2 — 2 & 1 fL 1k 7 22wl 5t
9 — ML SR E R T T LR T B A B
BN BOC R B PERE . PR, 3 R OE ) A Ak A AR T
ST A TR S A & A eIk I Sk W R IL S 4.
J T VAR RS PERE B L 25 E 2E AT 55 2 AR AL T B
SCAR AR oR BORN R4 451
FRL A AL B br e [6] B 28 45 i 8 ) 40 B R IR K
1) DOF AT AR B ¥ 5 0 Bl S5 x4 . o8 T [A]
PRIEEK 19 DOF A1 50 1 il ) o' 5 40 A1, 31X HUW A
K#ELEIR 2 por £ LR GH B AN F 5 5 F W AF
MBD 4 #% 252 X 38 19 fie KA B . A 30 0 A2 il g 3
SIHITEH I 2 por = 2 por 3 A S G SRS 2 il 1) 15 )
MIFEH N 2 por <<z por . MRIEEC(2), 8 LHLAL RECH
In(2)A  z.por
S ﬁnng x}z\/{}sn ’
T EEOLR. BARA f.=1. BT [, R,
PR B H 9 o 0 201 (W] s 2 #2K ) DOF L 157 4 il
] SR 0 A0 L R [ S BESE ARV L, KA
fill b i — B B R K TAEEM S A G/
®IRSE. BT R R, X B 5 — ¥ B bR oF 8 e
IHEREE R 5 pm ZEA EIRRE KM RR N
4 pm < X oovpp << 6 pms (11
FLrpOF S48 1) 3 BE R 20 8 O EKESE DOF
IR BERAFEE ., BeAh. T HEBR — 26 55 9 3
B Ol 33X B IR BEOR O A S5 I WA TG TR T, dacione
INF T IEWEAE TR T, e B2, B

1
Ip.sldelol)e < ?Ip.mamlobe o (12)

Bk e A B % T SMF 445 BB 47 il K
B, Hoh  LCF A4 B B 20 2 =X (), BAB 1k i K
A A ) € 155 TGS Y 21 B9 K B I BRAR 8 06 R A TR
2F v 37 55 I NI ST GIF2 (9 A RS 5 i, a1 3 BT 7
W AR P 5 RO (U8 GIF GIF2 %) iy K JiE 0k B 7 [l
A ONI‘p.GIFo

VEREAE 17 B R SR Sk S8 Ak i ¢
L — %A BT IR A R R R
T HLA R o HER ISk R DR — B S IR
FE 5 3T B8 Sk 2wty (4 DX 38, B T & T A 1) U8 AR Y
Fresnel iE L[4 =8 (7) fr s ., o] B & 16 il K A0 1A
W&, BALHT LCF 8 LP,, BALTE N2 X B4
Bessel Y6 o, fiffi i Bessel )6 o 1 0 H 5 56 o [ an
KL PFIRIEFI AR KM ERZE, B — ). %0
HARHEELA RN EE, TR 3. (b fixn
(1R 458 15T B ) 46 Sk G5 4 Tl T S AR s A b BTl DR
e AT e iy 1Y, X T HA 256 X 256 X 260

(10

2007201-4



458818 3L 249 % %20 #1/2022 £ 10 B/FEEK

B = e R AL G L REE 8~ 16 s N 58 WL 3 45 LA 3Co) Hr A £ v 4k a5 5 Y 2 TR) 08 D 455 =X 9] ok
Fa 00 AR A5 L, I AR A5 A YRS i 1Y 5 SR A5 R — B T, it a%kE & 7 SMF,LCF.GIF ,GIF2
D5 A5 R R BE S Bk 25 AR A 2 24 [ 3 (o). () It 4 Bl 45 L K NCF FER Sk A 23 < B 34 4]
7R » 3 G M A il S AF 3 2 DL ] LCF Ay =40 A, Horp . SMF HA LP,, B, Hok ) B 37 R ik X I
B GX B LCF K F i BB i , 3 R 2.2, X BICHB G ¥, o s LCF VG LP,,
P30 1% B 78 S 25 28 1 Ak o R g A8 A5 0 T RE S i X LA 3R M LP, WA GIF 1 GIF2 o i 2 A1 4%
RS HRAE. HIX B 5 e BT R 5 SRR 6 AN FEE LP,, B,

FLFRRAE AR R T 18 o6 o 05 By i el R R S P 028 AT 5 SR 41 1 8 1) R 37 A ARG W 1Y) R AT
S o0 A L RO AT B R AR AR R £ 2 R s 3 e — A R BUE O By i3k . X g GIF M
K AFE A EOR B8BTSk B e &L 3R GIF2 W5 O, or B W, o B4 HOLET
WIEAET LCF ik&it. 5 CRERE AR, H T IE T /NE R T R R B A |, |7 IE
PR3k (R A B & A A AL 3 TR AE RS R T 1O Ti T8 /N 22 [ 1 i P e i AR R S 2 ] B
WO BT TR MR I a0 B ALK RO & AR . i T GIF B X8 e 4 b
MIIEAE a, FUARDL o, A R & T B, B2 795 GIF2 B HE I e TR 45 FE C o
TR AE AR JR T A 6 PR L ik A R BN A 4 TR . X P ITLRNRELN

exp(k, ro) /1 .
Jj V. e (zr,y)Jf V() —— = (7_]/6}5) dédpdxdy
S Seir 701 To1

ij.GG

, (13

C

Jj “P;.(;IFZ (x !y) ‘ ZdIdy ﬂ‘ ‘g’j.(;w(gﬂ]) ‘dedﬁ
S

S(}IFZ Y GIF

Kb B KB Sere € {(aay) |2+ <Row’) > WAL GIF )5 51 -y PR GIF2 () iy 5 1
T co.GIF2 <R G <7 u.cim2 s 7 0. GIF2 0 7 ol.GIF2 ﬁ%ﬂ%%/% GIF2 ngZTUIg/A %ﬂﬁﬂ‘j"ﬁﬁﬂ’\]{ﬁﬁ,ﬁﬁj Ny I%%I‘;)\lﬁgf: E/‘J
MO 2 8 R AR R AR B OB Sae € gpgbsa kK r, = /GO ) T Lk AR
{&.p | & +772<R(,}IF2 P T oo < Rar << 7w s 7 eoncir 2 GIF jewmim EA9 S5 GIF R b sy S 2z |l 1 JL
N r e 200K GIF B E BRI R B 69 F R ES

2

XP (A0, cir2) P ciraine(2,9,2)

6

- LCF | GIF | NCF
Xa,crr2eXp (iP1,6ir2)
LPo
; Xz cir2eXp (1Ps,cir2)
LPg
o . .
X @, crr2eXP (106 cir2)
LPys
¥\ smr | CSLI ¥LcF l C l P, GIF bGG(LNGF) Y, Girz,ditt

P4 TR AEASE B TT 1 Dl SR A7 07 1%

Fig. 4 Beam simulation method by eigen mode expansion

W AE G bR AT GIFZ B4R 3h.a, om 28 GIF2 B LP,, BEYIR A : &, o 8

WAL & L B GIF2 A 8 LP,, BRI MBI O, man (v v =) T8
Eo(x.y.2) = GIF2 1 LP,, #7e 8k SMI AT 5 4 . 3 2677 54 3 11

6
E“n.um eXp(iSbn.,Gle) Y,z (X 5y 5205 (14) o JBE oy Al ‘ WV Gtz i ‘2 e 4 p Rk AR O

n=1

2007201-5



FR 8818 3L

£ 49% 520 H9/2022 &£ 10 B/ R E ¢

KA /NEFR ., BT EMR®& i E—w, Hik
% BLAd ] 4% 19 Rayleigh - Sommerfeld 737 51 148 24
KRBT ERG, e R &S

a,GIr2 &/ N1 e eXP(1S01,(;1Fz )
as.girz v/ N ire €Xp (1902,(;1Fz )

, (15

Acirz —

|4 6,GIF2 V/ A eXP(1§06,(;IFz ) B

AT 275 %)
acirz — Pm PGIF2 (LGIFZ ) CGG (L NCF) ¢
P (L GIF) CL(;PLCF (L LCF) CSL ’
;T:tEP:Nn,(}IFZ ﬂ‘j \I’n.(;ufz E‘Jﬁ%iﬁ‘ﬁiﬁﬁ,P ﬂ‘]ﬁlﬁgf‘ E/‘J'fgﬁﬁ
BRI R BRI IE H h A T 7

(16)

2.5 LCF RGBT

J T VS LCF 43k B9 52 B A5 R0 o K A 1T BA i
PERIR L A H15 OCT R G, XS REAR LT OCT 1
1%, s Fros . JHEOEERA R OIER N 1.3 pm, 3
KAWL R 100 nm., 53k 76 & R b AR 45 [
ELFEARE T R TES L BT S CISEk
XEREA 4 . SRR DU 8 A LB G B OGS AR T 4B
it R AL AR A5 Yl BUR A T UEAT (0 ORI R P A L AR
e AFBAHR A OCT K& . MHEA R 1951 USAF 43
R MO, 7R AR A OCT B b 2 3k 1Y
SYHER . TAEIE A DOF £ 2%,  FAXRET
LCF %3k B AR A 5% . P b i B AS S A A 2R 47 1R A1
&, WnESEEE N B R T BB 2 A I 0 TR

ST

interference spectrum

x-axis scan driving signal

ref. clock
sweep trigger

y-axis scan driving signal

DAC

SSL: swept source laser

= L: achromatic lens
trigger enable

FC: fiber coupler
CIR: fiber circulator

PC: polarization controller
CL: fiber collimator
LS: XY linear stages

—> electrical cable

optical fiber

M: mirror

BD: balanced detector
ADC: digitizer board

DAC: analog output board
WS: workstation computer

K5 #k-OCT 24 FHE
Fig. 5 Schematic of probe-OCT system
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Fig. 6 Controllable output beam under lens-free mode™"

. (a) Tapered-1.CF-based probe; (b) mode power regulated by the

length of tapering length; (¢) intensity distributions of output beams under different probe parameters
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Table 1 Parameters of output beams from lens-free probes | and [l
Probe number Working distance /mm Minimal beam diameter /pm Depth of focus (DOF) /mm DOF gain
I 0. 14 0.47 0.59
I 0.18 0.16 0. 64
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Fig. 7 Probe with a fiber spatial filter and extended DOF"®

where the boxes with yellow and white colors represent fiber

cores. (a) Schematic of probe; (b) light intensity distribution of probe with spatial filter; (c) light intensity distribution

of traditional probe without filter
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Table 2 Parameters of output beams from probes with and without filter
Probe type Working distance /mm Minimal beam diameter /pm DOF/mm DOF gain
With filter 0.11 4.6 0.23 1.8
Without filter 0.11 4.6 0.13 1.0
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Fig. 8 Influence of fiber length error of each fiber in the probe with filter on probe performance™ . (a) GIF; (b) LCF;

(c) NCF; (d) GIF2 (where Y-axis represents specifications ratio between the probe with fabrication errors and the probe

and DOFG, MBD,

without fabrication error,

and WD represent relative values of DOF gain,

minimal beam

diameter, and working distance, respectively)
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Fig. 9 Schematic of probe with a mode interference field expanded by imaging

1] 73 B Ly, BEGE— B E L 160 pm, R T AL
R B WR B O RSk M RE s e RSk T ATV Y Ly =
285 pm (B L, o /) IR FEE A LP,, KLl LT
BABLT W WL VAN VW Lo 43
FNBEE N OLBLHT @y e Woner (0) &~ 2ay 16 Wy 0er (0) ]
1485 Ium[lﬂjlﬁ aoncr orcr (O ~a, 10 ¥ (0], LA
ﬁ%%lﬁﬂf@?ﬁ LP,, Fl LP,, #5 H A B @A =0T 3 i 1
o B VIE) Lo &% DOF 38 25 F0 il ) D65 2
/Jri AT T & R A, Ak 45 54 B R 1250 pm Al
1115 pm, #RK 0.V 8 Lo PIMEBE W EH LCF K

[20]

ity A A ) AR 32 22 0 S S5 483k I VI LCF 2 S 9 55 18] 41
ME2ER 2 = B9 A BURE L IR AE B3l 1 EFXF DOF 38 25 F
7T R Ak, AR 45 3 40 51 8 890 pm A1 1310 pm,
T8 T VI Lo X H 6 HR A5 AR K, ik B
W FRE I Lo W03 8 3L LCF 2K bty (4 45 (8] 4 37
200 M5 VI LCF 2K S AR 18] A7 22 40 22 = 1
ECRY . IF7E L RE [ 41 X DOF 38 25 9847 1 J= B AL
b AR AL B3 91k 820 pwm A1 1315 pm.  F R L K
BRI A S 4 A DL IR 10, Hoh B ik DOF
RISV VTR B TRSEOL % 3.,

* 3 TR WG BAR BOR AT S RO 3k 1) 3 OE R 2 8

Table 3 Output beams parameters from probes with mode interference fields expanded by imaging and by diffraction

Probe number MIF expansion method Working distance /mm MBD /pm DOF /mm DOF gain
Il By imaging 0. 20 4.2 0.24 2.3
V By diffraction 0.15 5.0 0.29 1.9
VI By diffraction 0.14 4.5 0.14 1.6
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Fig. 10 Light intensity distributions of output beams from probes with mode interference fields expanded by two different ways

3 o A DOF 3 18 A% Bk e BT 1R B 2 ik LB %
g, A GIF1 fl LCF # K B fE 7 — & F2 BF b
K DOF 19 #i R A5 5. il 4n s X [5)FF SR IBOAT 554 7%
KR K VRS, H AL S 9 TAEFE 1 DOF 4 & £
B BT % 0,15 mm A1 1.9, {HUNE 10 FiR, H

H S D' TR A Al B O B 2 B B R R B A L TR

expansion by diffraction

_50 0.8 =
. 06 £z
=7
2 0 0.4 gg
x 0.2 <Z;,‘§
50 0
100 200 300 400
2 /um
0.8
= 06 §&
=%
= 0.4 g g
& 02 3 E
0 2
100 200 300 400
2 /pm
0.8
: 06 2z
=4 = 2
5 02 8 E
0

100 200 300 400
2 /um

[20]

2007201-10



FR 8818 3L

£ 49% 520 H1/2022 £ 10 B/ E ¢

FE S R 77 AOCHE S B TAERE L DOF 3 J A7 KA1 4l 1]
JESR I AINE =5 WA AR AL . AR R A0SR BUS
BMCR Bk I R AT 4L 2 o B 755 8 1] 0
#.0.20 mm B9 TAEFE 2. 3 /9 DOF 14 55 LA K B35 1
Bhm Ot ok T B IR RS, T H K T A
BOG LR VY e 5 1 2 R Sk W R S o A D 6 IR AR R
AL A T B AT (R S5 1 o B R A SR kL AN
0 R A S 11 () L (b)Y T . T 45 B
P B ShRfE SME — 2y S A2, IR 3 Sk B A BLAK
R A Pk e L N 37 50 SE B AR . O TN L BE B B

N 100 pm|

l 380 um

P B FE OCT BiA% b A 08 38 1 3 B A il 4
HHHELBEARN OCT ARG (P LKA 1.3 pm,
12 dB# 988 100 nm) Hv, 3 F B AT 0 8T 6 A ik 47
A%, AR RE 11 B, LA B 55 T3
KA TAERE 883k 1 5 1% 58 48 3k A0t 2 A 3R 9 1
A . 25 DL W B R R X I8 A
MEZ T HEL N EAAWER A iis. M
TAe R W B 2 O R 9 5, HEAR ik
) SEBr TAEFE A1 DOF #HE T2 R h i F8 45 (3R 3) 8
ATt

o + WD: 150 um
e —— :

Pl 11 i A 0 S 1 S 60 T A B B R PR A OCT AR 3R el 20 vl B €2 7 S 2 0% 0 S S T 14 € HE 28 2 % Bl 1) 1L 47
Ca) e T BLARR OR B4 25 B DA B AR Sk 5 (D) R & DR B AL S 4R 2k

Fig. 11 Microscopy images of fabricated probes and OCT imaging of fresh lemon under the probes

2ol where the yellow arrows

indicate the end facets of the probes and the light blue dotted boxes represent the axial field of views. (a) Probe with a

filter based on imaging expansion; (b) traditional probe without filter
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Fig. 12 Probe designs with different mode numbers and mode power distributions. (a) Probe with dual-mode interference;

(b) probe with lower-order-multimode interference; (c) probe with higher-order-multimode interference
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Table 4

Optimized output beams parameters from the probes with lower-order-multimode interference and

higher-order-multimode interference

Mode power distribution Working distance /mm MBD /pm DOF /mm DOF gain

Sidelobe intensity Modal dispersion /pm

Lower-order mode 0.14 3.6 0.27 3.4 39% 2.0

Higher-order mode 0.19 4.0 0. 38 3.8 26 % 3.8
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Fig. 13 Light intensity distribution and parameters comparisons between output beam from the probe with higher-order-

multimode interference and Gaussian beam with a same MBD. (a) Light intensity distribution of output beam from the

probe with higher-order-multimode interference;

(b) axial light intensity curve;

(c)(d) curve between axial positions

and lateral resolution and zoom in view of the boxed area; (e) lateral intensity curves at the working distance
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Table 5 Effects of work modes. being free of beam relay or not. and the number of fiber mode on optimized result of probes

No. Work mode Beam relay Mode number MBD /pm Working distance /mm DOF gain
1 Lens-free X 2 6.5 0.18 0. 64
2 Lens-free N/ 2 4.5 0.14 1.6
3 Spatial filter X 2 4.6 0.11 1.8
4 Spatial filter N/ 2 4.2 0.20 2.3
5 Spatial filter X 9 4.0 0.19 3.8
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Abstract

Objective Developing a fiber probe with a high lateral resolution, long depth of focus, long working distance, and
uniform axial light intensity is essential for endoscopic optical coherence tomography (OCT). Traditional beam shaping
components, such as axicon lens and binary-phase mask, were minimized and adapted to miniature fiber probes for
optimized output beams, but with a short working distance and reduced depth of focus gain compared to their bulk-optic
counterparts. Alternatively, pure fiber techniques that simply splice fibers in series were proposed and demonstrated a
significant enhancement in the imaging quality. The first demonstration of the concept suggested a phase mask consisting
of a short section of overfilled graded-index fiber (Lorenser, 2012). However, the most recent progress indicated that
using a step-index large core fiber as a coaxially focused multimode beam generator (Yin, 2017) or a high-efficient fiber-
based filter (Ding, 2018) would be advantageous in terms of easy fabrication and increased depth of focus gain. However,
full optimization of such probes is not straightforward, where the difficulty originates from the complexity of the light field
by multimode interference and the arrangement flexibility of fiber components. Therefore, this study presents systematic
research on the optimization of large core fiber probes. We discuss key design considerations for selecting fiber optics for
mode excitation, number of modes, beam expansion method, and selecting the lens-free mode or spatial filter mode. We
hope that our findings can be essential in designing the ultrathin fiber probe with improved performance for OCT imaging.

Methods A unified equation quantifying the depth of focus gain was first deduced by comparing the Gaussian beam with
the same minimal beam diameter. Then, the fiber mode theory was applied to demonstrate the light field manipulated by
the large core fiber. The tunning length of the large core fiber was determined by its re-imaging property and modal
dispersion. According to the relative position of the large core fiber to the pupil of the objective, the working modes of the
probe were classified into two catalogs. Consequently, proximate equations of the output light field were deduced for the
two working modes. Then, the optimization goals and restrictions were established in terms of the depth of focus gain,
lateral resolution, uniformity of axial light intensity, working distance, and sidelobes. The fast simulation method based
on the mode expansion was applied to search for the probe parameters according to the established goals and restrictions.
We obtained the preferable structure and the maximum achievable performance of the large-core-fiber-based probe by
comparing the optimized results under different working modes, beam expansion methods, and the number of modes. The
fiber probe with optimized parameters was fabricated and interfaced to a swept-source OCT system. A conventional probe
with the same minimal beam diameter was also fabricated for comparison. The same region of fresh lemon was scanned
with a translational stage and imaged by the two probes to confirm whether the improved specifications led to
corresponding enhancement in the imaging quality.

Results and Discussions Similar to the binary phase filter that regulates the output beam by encoding the phases of
annular zones on the aperture, the large core fiber can also adjust modal phases independently for the output beam
manipulation. Additionally, the depth of focus, working distance, and lateral resolution are expected to increase with
introduced higher modes. Although sidelobes become more significant with increased depth of focus, they can be mitigated
by optimizing the modal power distribution. The large-core-fiber-based probe has less stringency on fabrication than the
fiber phase mask. With a length tolerance of — 28—+ 20 pm (Fig. 8), it is achievable for a commercial off-the-shelf fiber
processing platform. The large-core-fiber-based probe features axially uniform light intensity compared with the coaxially
focused multimode beam generator (Figs. 10 and 12). For the mode excitation device, we find that the graded-index fiber
is superior to the tapered fiber in terms of a more robust splicing point. For the dual-mode interference, the amplitude
ratio of the fiber mode can be tuned in the range of 0.2—0.3. For multimode interference, the graded-index fiber can be
used with the no core fiber for efficient higher-order mode excitation (Fig. 12). For the working modes of the probe, we
conclude that the spatial filter mode is advantageous in a larger depth of focus gain. Additionally, a longer working
distance is attainable with beam relay optics (Table 4). The modal dispersion is the ultimate limit on the performance of
the large-core-fiber-based probe. We confirmed that the maximum DOF gain of the probe was 3.8.
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Conclusions  This study systematically investigates the optimization method of a large-core-fiber-based probe. By
comparing the lateral resolution, working distance, and focal depth gain of various probe designs, we believe that the
spatial filter design with beam relay optics and higher-order modes is beneficial for the probe performance. In addition to
OCT imaging, the principle of the framework can be applied to optimize the output beam in laser scanning and
photoacoustic imaging systems. Some presented elements of the work can also provide technical implications for non-
imaging applications, such as fabrication of laser-fiber couplers and optical tweezers.

Key words fiber optics; optical coherence tomography; fiber probe; optimization; large core fiber
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