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Demonstration of low-loss microscope optics

with axicon-based beam shaping
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Fig. 1 (a), (b) Schematic of conversion of wavefront curvature by lens. f: focal length of the

lens; a: wavefront curvature of the input beam; b: wavefront curvature of the output beam.
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Fig. 2 Numerical aperture of lens.
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Fig. 3 The Rayleigh criterion.
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Fig. 4 Relation between spatial resolution and effective NA.

(a) Focusing with wide beam. (b) Focusing with thin beam.
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Fig. 6 Schematic of SRS microscopy. M: mirror; DM: dichroic mirror; OB: objective lens;

F: short-pass filter; PD: photo diode.
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TREEZRDDIITRAR S 5, SR FIETIIZ OV 3 v MEF IR TRUE D HIR =
NHTD, vay MEBFRRAZH D IEEZ G D ITIXE TR FENRMLEIZ R D,

3.6 mIEEALOA A

AW - ERITEV T, IRIARE, MRMEEWE. KR, HE. 7"/@2@5‘@%&3}1@?%?@
RE, 5, FRESCEB R EOERBIG R D, INSRERG DA A= T NEEC

> TU%, —J7, SRS BEMEEOAE 5T E 1350 T DRI I3 5, fEdD SRS BB Tl
BN 22N, ZO XKD /NS ERG TR ERRIC I Y RERGTICEE LD
DEA A=V T LTNDH[30], BEET DETO/NS 72ERSy 1% RO IR E B S
VENRHY), A A=V U TR D> TLE D,

Flo, HHA A=V T TIEHTEAESBEOA A= 0 ZIBHIBEA TS OO, /NS 72
EERDFHA AT T LED ETDHEHENDFOIEBRENTD, EBFRREE L
ZTCLEIAREERH VN TH D,
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ZOEIT. INETIEWERSFEZRDZEDTE LA A= THIFAHL ST
Wigino Tz, 2 Z°C, SRS BB &R O A2 v, SRR T D 2 & TS AR
DFEAA—T U TTDHIENTEZDHLEEZLND,

SO, EEN END Z LT PO OBERE AN D Z LN TE EE{kic o
MDDHMN, ZIUTBE A A—T 731,327 £, PR TIEA A —V U ZIZER# > TL
FIOFELLHLADTH D,
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SRAE =185 SRS HRER

SRS BHFEEDOKELITATE 5 @i T Lics a v MES THIRENTWD, T —% 5
D5 LEEIER BTN, AERADFIA—TUPEETLE), £ ZTRIRETIZIAZ A —X
REZES V) B Z AW T Y = v MEFIRM & Bl @ SRS BAMEEOFH 2 A
FELTWD, AETIE, TOREFHEM SRS BRI W THHT L, £79. BFHFE0K
L LT, BRRE 7 L OoREBRDEOEFREETH D, HFBRE, =t —L 2 MR
B, A7 A =X RNREICOWTHEND, £DK, A7 A =X Ptz iz SRS BAREE, &
F-HE5R SRS BAMEEORIAIX & T A 7R3, FOEFSROFEIER LR L OBRZ KD,
BEICH#E ST % B7H58 SRS BRMEE A /9%,

41 B
RETCIIE T HF OISOV CHET 5,

4.1.1 FHFREI-E 7L

BAEFTIINEELRE—RICHML, D15 1| DOE— F&EFIL PR
B EHRRLTEZD, BHLYOEREM, ITREREkETH, BHLVOEEZqET D &,
FRDORT oY LR F—%
lkx2 = 1m(a)q)2 (4.1)
2 2
EREDL, Z1E L., wlTREEOMERER ST, w:\/k/_mf“ibéo o, Bb Y oE#ELY
ptB L, BLYOERT XL —X

2
(@) =z 42)
L%,

ZIZT, ARREN F O a2 LT 4 VAR EE 2D, B EDH, BH Y OLEg
LETEpZ FNENEHAE T, pCRT, WHIREFOT XL X —TART v LT RLF
~ﬁmwy&@@i*w¥—$ﬂ@ﬁf@é@fi*w¥~ﬁ%%f@5Aswk:?y
Hix

A = = m(@)? +——p? (4.3)
—2m w(q zmp .

EREND, L. §,p1E. [6,p] =ihe WO ZHRRAZE G, ZHIXGEPR AR TH D
ZLERT, §HICRDOAFEAREET L L THEBEREOHATAZHEL. UTO X 5 I8
%Téo

a= |—q+ p (4.4)
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ZoLE, aDpTI— MHRITRD X D 1272 D,

maw i
at = /— g — p 4.5
TN (4.5)

AT A, atidERER A L EER S, alatix[aat] = 1o HmEREZ R~ T, (4.3).
44), AGHEIVHIIUTOXL I ICEEETZILENTED,

]/

= ( at +ata) (4.6)
2T, Ho= VX —[EHARREZ |n), Iﬁﬂ_%Ené:ﬁ‘éé:
Any = 7‘”(@@* +ata)[n) = Eq|n) 4.7)
WALV LD, A TYDOWHLIZEbatZTH & LD X 51Tk b,

— (ataat + atata)|n) = E,at|n) (4.8)

h
7‘”(@*@@* +at(aat - 1)) |n) = Eqa*|n)
hw
7 (2&*&&* - d*)|n) = EndT|n) (49)

ERDHOT, WiiIChwdt|InyZ M2 TEET L EUTFTO XS5,

h
7‘” (2ataat + a')|n) = (E, + hw)at|n)

h
7“’ (2ata + 1)at|n) = (E, + hw)a'|n)

) hw

--7

(4.10) X v . at|InNIEHEE, + hoZ FFORFIEE T OBEARETH D Z L3005,
2T, atanEAEICOWTE RS, FEAEEEANE TS &,

(a*a + aa®)at|n) = (E, + hw)at|n) (4.10)

ataln) = nin) (4.11)
ERDHOT, atax AT M n) TIE ETe E LU ALY S,
n = (n|ataln) = (@n))? (4.12)

XoT, ni3FEatLRs, 2. atn)oEAMHEIZOVWTE XD,
ataat|n) = at(ata+ 1)|n)
at(n+ Din) (+ (4.11))
= (n+1)at|n) (4.13)
Lo T, atn)OEAMEIIn+ 1720 atn)xn+ 1) TH D E 00D, 2D & X LHlE
Bixvn+1Th b,
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atlny =Vn+1|n+ 1) (4.14)
b, Fiz, FRRICL T T LD,
aln) = vVn|n - 1) (4.15)
—JF. @47, @1)Xv,

Hin) = h?“)(cmT +ata)ln)
h
= = (2ata+1)in)

1
- hw (n+§) In) (4.16)
L, ko T,
1
E, =ho (n +E> (n=01,2-) (4.17)

L) RN —EAEIIROROOMEEZ D Z & B30 b, & FLFTIEZOnOfi%
WA IS SHETEZ D, (4.14), 41580, attaierBrzEzhnThn 1 >ToHEeT
FLFBOTHE FTHDHDOT, THUNENER T, HEEE - MHIN2BETH DL, £
7=, FRFIEE) 7 OfE| NI In) DFEFE S TE S D,

FRoOXHic, BERFTIIHD 1 S 1 2OF— RER U2 AX—%2HT 5 HMIESD
FITRS S E 5, ZOEFAFHMIRE HI2IOEFEREE, = e —L o MREE, X7 4/ —X R
WLV 3 SORXWLRETFREND D, ZHOORFIREEIL, ST 2DIRE~T ML
|pyE HWTERIND, LLTD 3 DOETIEZENENNTEIRE, 2 —L 2 MIRIE, X7
A — X NIREEIZH L CHEREOFHA 21T - 72RO MFHMEZ SR LB LR 21TH, HHWHE
DHFHEZRDTZN & X3 WELROHEF T2 A RIEXY ML E P Lt & (P|A|lv) =
(AYTRODZENTED, —J, SEITHIEICE T 2 FEEN S OFh a2 RTHEE 204
LT DL (M%) = (A% — (A CTRODZ M TE D, T, LR THOWAWEEIIE T4
7= atal MFR\aOERe =5 @+ah)., e, = @-aHThs,

412 JerEeiRiE
|p)23]0), [1),12),13) - DWTININDIRREETH D & &, KT HB—BIZEE-TIRETH D
72, JEFERIE L W 5 FEEIOETFECREE |n) Ot TR D WIFHE & US>V TERE T S
&L OO,
(nlfiln) = (n|ataln) = n (~ (4.12)) (4.18)
LR D, T EDITHUL,
(nla?|n) — (nlfln)? = (nl(ata)’|n) — n?
= n(n|ata|n) — n?

=n®2-n?=0 (4.19)
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R0 T L IR N ERNDD,
Wz, EEIREOFEERAICHOWTEZ D, WFRHEIL., @.14). 4.15%HW T,

a+at 1 1
(nlayIn) = (nl“—In) = > (nlaln) + 5 (n[a'|n)
- \/Z—Z(nln — D+ Lnln+1) =0 (4.20)

L%, HIFHEIL 0 722D T, 4rHki,

A~ Aat\ 2
(nlat|n) — (nla,|n)* = (n|<a+2a > |n)

1
= Z(n|2&*d + 1|n)

=%(2n+1)=%(n+%) (4.21)
L%, BEHRIEORER IOV T SRR S S BEFHRT 2 &
{n|a,n) =0 (4.22)
2 g 1 1
(nlaz|n) — (nla,|n) =§(n+§) (4.23)

LXRES,

(4.21), (423)5 0, HEREOE, BHBIIn=00 L XL 0BER>Z N DND, n=
0D L X I HABBRIREETH DN, ZOLEBLWLE 2D, ZODL X EHEZS LW
9. Fig. TICEF VM T D EEGOMK T 27T, SREREOET, EHWThoGmic
H1/405 8 E - TWD, iz, ZIUTKRIE|0)NEy = hw /20 =R VX —2HT5HZ LIT
RS LTV 5,
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Fig. 7 Schematic of vacuum in complex plane.

413 ab—L > MREE
WD L 1T, BEOEAEIRNELZBE CEREDLEREEZ ot — L MREELE W,

2
Ia)_exp<—lgL)zg———|) (4.24)

v~$w6®%i:t~vy%%%’%t
ZC. ab—Ly RRRE mwm®lﬁ%&f%é EELLTITRT,

/!
a|?\ v a®
=exp<—u>2—\/ﬁ|n—1)
2 n!
n=1

N

Il
IS
[¢]
>
o
RS
N[ R
N
~_—
[
N
S
|
=
)
|
[y
~—

n=0
= ala) (4.25)
T/, EAEIIEREReTHD L0005, 425D/ — R EED &
(alat = a*(«af (4.26)

73‘35}2 IRVASR
. BRIEWOIFHE & SBIZIC O NTEZ D, TTEBICOVTHET D, (4.25),
@%L(ﬂ@zl_EﬁTé&\%ﬁL

. a+af 1 1, .
(1) = (al > |a)=§(a|a|a)+i(a|a"'|a)

1
= E(a +a*)=Rea (4.27)

LD, R

20



a+at
2

2
1
) la) = Z(aldd +aat +ata+atat|a)

m9=m(
1
= —({ajaa a'a aa'la
4(rA+2*A+1+A“ﬂ)

1 1
=Z(a2+2aa*+1+a*2) =Z(a2+2|0(|2+1+a*2) (4.28)
£,

1 1
(@) = (@) =5 (a* + 20al’ + 1+ a*) — 2 (@ +a")?

= %(az +2]al®?+1+ a*z) —%(0{2 +aa*+aa+ a*z) = % (4.29)
EXRED, ERIEEOETA, IR L TH R,
() =Ima (4.30)
1
(@3) = (@2)* = 7 (4.31)

MRV SID, ZOLE, at—Ly MREODDLEDKRE JIFEZELH DD LT D KE X L[H
CThb, hhaliEx < EEFLHIIBITD 3t — 1> MREE|a)DOFRT % Fig. 8 12”7,
ab— L MREBIZEREFR LICBWTEZSES EFE L6 2 FFOEFRREAEE L T
HEEZDHIEWTED,
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Fig. 8 Schematic of coherent state in complex plane.
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b — L MREBIIEBRIRIEOER L EHWTNOHRICHE LW S EZ K> T
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1B) = S(r)|a) (4.32)
LRF BT,

S(r) = exp E (ﬁz - (ﬁ*)z)] (4.33)
Thd, SOIININV =T %
. ih, R
A==(a*- (a")’) (4.34)
CEERTDHE, SOIIFUTOL I ICEEEES,
A r o
S(r) = exp (l_h H) (4.35)

ZIT, AIA =V I BOWRER &b =$T(Ma(mST) = am T 5 L.

d—d(r) = (diﬁf(r)a(r)S(r) + S(r)aiS(r)>
q 1
= ( —hS*(r)a(r)S(r) +—= S*(r)a(r)S(r)H)
=+ (Aa-af)
=5((@-@))a-a(@- @)
— gt (4.36)

LA UL R RUCIZHDNERNCRIE LW & HESINASHARTRE TH H = & 2 V-,
ik

d
Ea* ) = (4.37)

BHD 1o, o, a(r)oﬁé%rﬁ HEHRICRI LT,

t at +a
1(r) (M) = —a—;a =-a, (4.38)
—qat —at+a
_az( ) = (a(r) Zia (7”)> a2+ a_ , (439)
DEHITHD, 2T, bOEH, BHEETNEND,. bt T D&
by = a,(r) = @, exp(—r) (4.40)
b, = a,(r) = a, exp(r) (4.41)

LD, TN D AT A =T T OTERET OISBOMER AR Lexp(—r) FITHE/ N S 41,
2 ORI 1 Xexp(MFITIER LTV D Z 2 ¥bond, £i2, I FO X 5 Ic&£ED,
b = @, exp(—r) + id, exp(r)
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at a—at
exp(—r) + >

> exp(7)

3 exp(—7) + exp(r) +at exp(—r) — exp(r)
2 2

= dcoshr — afsinhr (4.42)
T EBERONCA T A= T OEE LS EEREIE S, 2L > T TERE
A =X REZEH LIRS, AT A — X REZEES () |0)D A E O HIFFEIL,
St)as)|o) = (0[St (matS St (ras()|o)
— (o[5*5/o)
= (0|(a@* coshr — @sinhr)(@coshr — at sinhr)|0)
= cosh?r(0|a*a|0) + sinh? r (0|aa*|o)

(0

- coshrsinhr<0 |612 + (d*)2| 0>

= sinh?r (0|dT€l + 1|0)
= sinh?r (4.43)

)
(0[B]0) +{0[p*|o)
(0](@* coshr — asinhr)|0)

L%, HEERNE O EZEH O WIAEIT
a+
2

at
(o|§+(r)a15”(r)|o)=<o ST = 5(r)

+ (0|(a@coshr — a' sinhr)|0)

=0 (4.44)
LR B OWT S REIERIC
(0|t (ma,S|o) =0 (4.45)
L%, FEEHOLSBIL
~ ~ 2
(0[St (razs(r)|o) = <o St <a+2a+) S o>

= %(o [$1() (a2 + (a?)” + aat + a'a) ()| 0)

- %(o [$1() (a2 + (a?)” + aat + a'a) ()| 0)

[y

= - ({0[BB|0) + (0[575%|0) + (0[55|0) + (0[55]0))

=1 (=2 coshrsinhr + cosh? r + sinh? r)
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= %exp(—Zr) (4.46)
/N
(0[St (azs()|o) — ({0

LB, [RIEEIC, BEBICOWTHFET B L.

St a S0’ = %exp(—Zr) (4.47)

(0|ST(mazsS)|o) — ({0

St a,$)|0))* = %exp(Zr) (4.48)

L%, FoT, AZA—XREZELZDOD L E1E, FEEiTexp(—2r)fFITHa/h S 4L, I
exprFIZHER I D, Fig. 9 1ZA Y A — X REZEGZOMAK Z R, A7 A —T 712X
0. BEZEGOFEH T MO gy MEFEMERINTWD Z LR 005,

a;

A J
Q
[y

Fig. 9 Schematic of squeezed vacuum in complex plane.

42 E{-HE5R SRS BAMEE O JFEE

1498 SRS BAMEE OIS X % Fig. 10 12~ T, A7 A =X NEZERZDONT VA RKRES
A R RIC SRS BAMEE A AR DEZ LD TH D, WRKDNRT A RKEL A VIRIHT
ITEHEEOL — T OME 2 XYy BTN TE LN, BEELORANCELY 3 v b
MEEIZELTLEY, 22 TRAIA =X NEZESEHW, TOMNMAEH#ETHZ & TR A
— X FEZEERZBRETHZ LN TE, va v MESHER S LERENRETE 5,
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Fig. 10 Schematic of quantum-enhanced SRS microscopy.
BS: beam splitter; DM: dichroic mirror; OB: objective lens;
F: filter; PD: photodiode.
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AT TR L7 K 9 22 515 T, SRS BEMBIDIRE 2 =m0 5 Z L NHIk D LB X biIvHH, A
7 A4 — R REZEGIIARRITTIN -0, Z OE7HE5R SRS B CIEr ek & BIKHE kI
LATHER B2V, ROFEBRT & SRS BHHED SNR Dfi 1JESNR g @ BRI

T

Tx+1-T
LB, ZORIIUTO LI, HHEEEEC—L ATV v ZDETFTNTEZDZ ETEL Z
LNTE D, Fig. 11 OXHICE—=L ATV v ZDATJR—ba, bIZZENETNAT A —XF
BIEG a) L BZEG | BY e ANV HH B X Do 2D L EANTIR— FaD /T —FZBFEETE L,
A A=A REZEZDAY A =D T Lr-YUINT —xfg b 35, E—LAT Y v ZDA]
A—bha, bOWREEFRT-%a, b, HIFR— Fad OWREEA xa LB &,

SNRgain = (4.49)

a'=vJTa+V1-Th (4.50)
ERED, ZZTRERLLTD0, @ =VTa+V1-Th=ta+rbt <, & DEIX
A~ A1t
Red’ = — J;a (451)
THHOT, TOMFHEIT,
a' +at’
(Bl{al(Re @"|)IB) = (8 <a (5%) a> )

= %(ﬁ |<a|(td +rb+tat + rB’f)2|a>| B) (4.52)

Lk, 2T, (452)0(ta+rb+tat +rbt) a5 L
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ta+1b + tat +rbt)’
(

a a
(132 +2bTh+1+ bTZ) (4.53)
LR BHDT, A.52)IfRAL,

%([3 |<a|(ta +7b +tat + rBT)2|a>| By = %(tzx +72)

= %(Tx +1-T) (4.54)

EREDLLEXY  HIIAR— ba’*@@ﬁa\%mii Tx+1-T)L 720 EHIETHFIZR D DT,
A A =X REZEY 2 Ao Z L2 & % SNR D] EEESNRg,in [3(4.49)D K D IZRKE D,

Squeezed

vacuum

a a
BS

~

b
Vacuum

Fig. 11 Model of optical loss.
BS: beam splitter.

INZETOREEE LT DO00xIZHONWT Ty h L7=D Fig. 12 £ 785, BIERNE
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FEOFZMRIL30%RETH D0, A IINFRBERDOBEHR Q0N REE THITHZ L4 H
EELTRY, (KEREMOET RO 7R SRS BIMEEO LB O ECTHEE L 85,
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Fig. 12 Relation between transmittance and gain of SNR.
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T NVHROEBOFHNZE EE-TEY, BMEEOA A= 7 LS IZIIA+H45Th
%o o, KFROFBRIL 67% L 72> TND, RIZ, VA=V AT RRFD T N—TIC
KB NWART A =D T W B8R SRS BEEOMFZE[10[ICOW TR T 5,
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Fig. 13 Quantum enhanced continuous wave SRS[9]. (a) Schematic of optical system.

(b) Quantum enhanced SRS spectroscopy. (c) spatially distributed SNR of PDMS and PMMA.
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Fig. 14 Quantum enhanced pulse SRS[10]. (a) Schematic of optical system. (b) Quantum

enhanced SRS spectroscopy. (c) Imaging of live yeast cell.
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Fig. 15 (a), (b) Optical loss and spatial resolution with wide Gaussian beam and with thin

Gaussian beam. OB: objective lens.
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Fig. 16 Axicon-based beam shaper apparatus used to generate a ring beam at the pupil of

an objective lens. Al and A2: axicons; OB: objective lens.
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Fig. 17 Transmittance property of custom-made objective lens[36].
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Fig. 18 Measuring system of position dependence of transmittance. OB: objective lens; CS: two cover

slips pasted with water; M: mirror.
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Fig. 19 Position dependence of transmittance of objective lens with cover glass.
Red: p-polarized light; Blue: s-polarized light.
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Al A2 L1 L2 OBl CS OB2

Fig. 21. Combination of the axicon pair and a 4f optical system. Aland A2: axicons; L1 and L2:
lenses; OB1 and OB2: objective lenses; CS: cover slips pasted with water;

f: focal lengths of L1 and L2.
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Fig. 22(a)-(c) Numerically calculated transmittance, FWHM of the PSF, and signal intensity of
SRS in an arbitrary unit (a.u.) for axicon SRS and normal SRS. The horizontal axes represent the
1/e? radius of the input beam normalized by the pupil radius of the objective lens. Red solid
curve: axicon SRS, 1, = 1; Green solid curve: axicon SRS, r, = 0.95; Yellow solid curve:

axicon SRS, 7, = 0.9; Blue broken curve: normal SRS.
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Fig. 23 (a)-(c) Numerically calculated beam patterns at the pupil and their intensity distribution at
y =0 with ¢ = 43,171, and 856, respectively. The axes are normalized by the objective lens
pupil radius P. (d) Numerically calculated PSF and OTF. Blue curve: ¢ = 43;

Orange curve: ¢ = 171; Green curve: ¢ = 856.
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Fig. 24 Calculated beam patterns at the pupil and the focal plane with the effects of misalignments and
wavefront distortion. The axes are normalized by the pupil radius P or A/NA. (a), (b) Patterns
without any misalignment or wavefront distortion. (c), (d) Patterns with a displacement of 0.1 mm of
the second axicon in the x direction. (e), (f) Patterns with an angle deviation of +0.05° in the first
axicon. (g), (h) Patterns with a beam inclination of 11 inthe x direction. (i), (j) Patterns with an
astigmatism of 14. (K), (I) Patterns with a focus shift of 1A. (m), (n) Patterns with a coma of 14 in

the x direction. (0), (p) Patterns with a spherical aberration of 1A.
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Fig. 25 Dependence on the misalignments and wavefront distortion of the spot intensity. (a)
Dependence on axicon displacement. Blue curve: displacement of the first axicon; Orange curve:
displacement of the second axicon. (b) Dependence on axicon angle deviation. Blue curve: angle

deviation of the first axicon; Orange curve: angle deviation of the second axicon. (¢) Wavefront
distortion dependence. Blue curve: beam inclination; Orange curve: astigmatism; Green curve:

focus shift; Violet curve: coma; Brown curve: spherical aberration.
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Fig. 26 Effect of the tip of the axicon. (a) Beam pattern right after the second axicon and its intensity
distribution at y = 0. The axes are normalized by the pupil radius P. (b) Beam pattern at the pupil
and its intensity distribution at y = 0. The axes are normalized by the pupil radius P. (c) Tip size

dependence of the spot intensity. The horizontal axis indicates the tip radius normalized by the pupil

radius P.
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Fig. 27 (a) Schematic of low-loss microscope optics. AP: aperture; Al and A2: axicons; L1:
lens, f =100 m; L2: lens, f = 200 mm; L3: lens, f = 250 mm; OB1 and OB2: objective
lenses; CS: cover slips pasted with water; P1: focal plane after L1; P2: focal plane after L3. (b)
Schematic of the beam completely intersecting before A2. (c) Schematic of the beam not

completely intersecting before A2.
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Fig. 28 Beam patterns captured in the experiment. (2) Beam pattern after A2.

(b) Focal spot at P1. (c) Focal spot at P2. (d) Intensity distribution along the yellow line

shown in (c).

7.3 BRI L 22 MEEE D REAR

Fig. 27) DRI 51 5B L 2RO A1T 5, & blc, B AEBE(TH
PICH T T v E— A% AN EAOFRR L =R MEE & DO A1T 5,

F 9" Fig. 27)IIZB T 2 BEOFBEFE, ©DF D Al /75 OB2 £ TOFHHEIL 86.6%. *¥)
L X DFIEHRIE 89.8% L IEFITEVMEL 2 o7z, I HIT, Al 76 L2 FTONHEK
MWA%LU T THDLZ NG, 7TH T a O X2 88BILHoii ShTund 2 & 2300
%o ZEMSMRREIZBI L ClIE— L ARy hOKRE I THMT 5, E—LAKY hOYA X%
BoREROBERTERETDH L, TOKE SEFig. 28(d)E Y 0.14 mm TH 5, EEFFE TR
DL o AOEREICBIT D E—LARy hOV A XT1.34A/NATHY ., ZONFHR
BT 011 mm xS T 5, BFREL D KWE—ARARy FERolzdy, ik, ek
E TRT LI, L AR A—H T R L THIESN TRONSEEEZ b,

AT =L HWEBEOERE & EMSHREIL. K —A e —2A0 2 i
HERHWTT a2V E & i A1T 9, Fig. 27(@) TT v a7 & 47 5%
ZHEV RV FWHM34 mm OA UL T o E—hE, THRar X7 Oz Rz
FWHML.7 mm OH 727 v E— L& ZNENRD L o RIS LI2GE OX) v o Xtk
DFBBRE ARy b A XZLTFO Table L ICE & DD, KWVH T T o E—LZHNS &,
Fh NA DRELRY ARy b A ZXDR/NEL R0 TWVDENR, E—ARIP L AOMET
BEON D720, BREMES o TLEI, —FH, MWHTUTre—az2 0D L, Xt
L ADENIZE —ABIE Y | BRI E < R D0, ERINA PN RDIZHD ARy b
PFAANRKELRSTLE I, ZOLIIT, AU LT v E—ATILERFE & ZHREEN b
L— FFT7ORICH D Z EDRERNO 05, L, THFRarsaHns 2 LT, %
MORAEZ IS T2 Z L <K BRFELEO DL Z ENTE, KBAH L X EMAED
HDHZELT86.6%E VI BEZBBRDOIFREFERT LI LN TE,

47



Table 1. Transmittance and spot size.

Transmittance [%] Spot size [mm]
Axicon system 89.8 0.14
Wide (3.4 mm) Gaussian 77.2 0.17
Thin (3.4 mm) Gaussian 89.3 0.21
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Fig. A2 (a) Schematic of focusing. OB: objective lens. (b) Schematic of focusing considering
the axial chromatic aberration. (¢) Schematic of expander. L1 and L2: lenses; f;: focal length
of L1; d;: beam diameter of the input beam; d,: beam diameter immediately before L2;

d3: beam diameter immediately before OB.
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Table B2. Amount of aberration of the wavefront.

Aberration Coefficient [1]
Vertical astigmatism -0.12
Focus shift -0.001
Oblique astigmatism -0.01
Vertical coma -0.002
Horizontal coma 0.008
Spherical aberration 0.002

SEXH

[BI] M. Born, and E. Wolf, ‘Principle of Optics,” 5th ed. (Pergamon Press, 1975).
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Fig. C1 (a), (b) Dependence on the axicon displacement of the transmittance and the spatial
resolution. Blue curve: displacement of the first axicon; Orange curve: displacement of the
second axicon. (¢), (d) Dependence on the axicon angle deviation of the transmittance and the
spatial resolution. Blue curve: angle deviation of the first axicon; Orange curve: angle deviation
of the second axicon. (e), (f) Wavefront distortion dependence of the transmittance and the
spatial resolution. Blue curve: beam inclination; Orange curve: astigmatism; Green curve: focus
shift; Violet curve: coma; Brown curve: spherical aberration. (g), (h) Axicon tip size dependence

of the transmittance and the spatial resolution.

62



18 D 7X*2aAD7 54 A2 +FEIR

86 HmOBMEAHENOH LN o7z L 9I2, THX v aryZHVWERFERIZBWT, &
TIA A MREPLETH D, AHTIEREZENRD ETHRIGLIZ, BEORNT F =
VDT FA A FFIEETT,

Fig. D127 ¥ a EHWEBEBE T RDOT 74 Ay NRERT,

M1 Allc| A2 L3 M2 L4 OB1OB2 L5
et — DB
CMOS
D \ v
L2 2 CS
ccbl

T

Laser

Fig. D1 Schematic of axicon system. L1: lens, f = 100 m;, L2: lens, f = 200 mm; L3: lens,
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cover slips pasted with water; CCD1 and CCD2: charged coupled device image sensors;

CMOS: complementary metal oxide semiconductor camera.
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Fig. E1 Beam pattern at the focal plane with the effect of the cover slip.
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