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Pulse-shaping of nanosecond pulse laser by means of thermal lens effect
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Abstract

With pump-probe separated closed aperture Z-scan technique, nonlinear refraction can be detected and taken into account
with transmittance signal of probe beam. Because the transmittance change induced by nanosecond pump pulse is temporal,
temporal profile of probe pulse also changes with the thermal lens effect rising. In this study, a new concept for pulse shaping
of nanosecond laser with thermal lens effect is discussed in terms of nonlinear optics. The rising of thermal lens effect in
nanosecond regime is demonstrated by time-resolved measurement and theoretical model. Theoretical model that accounts
for unsteady heat conduction and generation of acoustic wave in liquid sample shows good agreement with experimental
results. As pump beam waist gets narrow, rising time of thermal lens effect becomes faster. It means drastic temporal change
of transmittance is obtainable and controllable. Using this knowledge, temporal pulse-shaping of nanosecond laser pulse is
tried in terms of pulse compression. It is shown that 7 ns pulse can be compressed by 30.0% in the present configuration
theoretically. Also, experimental results show 32.2 ns pulse can be compressed by 21.7%.
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% (Brochard, et al., 1997). Z OJEITREALDON D LRI, T/ A —F THI &R Z SNDEERET VT T
& %(Kovsh, etal., 1999)Z L NEIHNTEY, ZDOFTF /L% AWT Z-scan FEERRIZIIT 5720 2 OFE RS
% MRk L7l S v Cuv D (Yang, et al, 2007). L2vL, 2 OJEITRE(LOIEE L % Z-scan EFRITE
WT/ OV AL 72 OV A Y = A B2 IR LBl E ST, 22 TEELIL, Rt s
LTHT BV AL —FEHWDL5E, DL OV RIFEL o X RIC L VR 7 0 7 7 A VR E A
T 52 LIZEAL, BREXDI VAL = B 7 ~DIEHEH -~ T-.

L U RHPEOSH BN OIREE, FITFEIEDORT A= 0W TV OIRIZ L Y KEL BT S, 20
7, FPEEERHEEEHNT, BEXOE—AREBATIAVX—, U TLONMGRESE /T A=
LU, WEEIFRGH & BB OB E T M K VB L U RO R OIREREER~S. 20 T, F
I RSN A =PRI ORI 7 0 7 7 A VOEb B REL THLODOEMEEE 2 5. K&, T &/t
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Fe A BRI R S 723 6, BT T /W X D HAEFEHE & R RN K 0 BRI SV A DSV Ay = A
vy T O RIEEMEIC OV TR 5.

2. BLUARMRERMS R AIER
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Fig. 1 Schematic illustration of experimental setup

Table 1 Thermal properties of ethanol(at 25°C)

Density, p [g/cm’] 0.789
Isobaric specific heat, ¢, [J/K-g] 2.46
Speed of acoustic wave, v, [m/s] 1207

Refractive index, n, 1.36
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Table 2 Experimental conditions

Experimental parameter a ‘ Weo ‘ L
Pump wavelength [nm] 1064
Pump pulse width [ns] 7
Pump fluence [J/cm’] 2.04 1.49 0.80
Pump irradiation waist, @ [um] 20 20, 30, 40 20
Probe wavelength [nm] 488
Probe power, P [mW] 20
Probe irradiation waist, wy [pm] 40
Absorption coefficient, [cm‘l] 3.7,74,9.7,13.3 8.95 8.95
Sample length, L [um] 150 150 150, 300, 450

3. BHREZELOERETIL

b DREZNTTERL SN D EITRG 2RI EE T 5 LB 2, MREBERCEHET L. BIrEEba Rk 5720
2, BDROEERET N EERT 5. WWEFICB T 2EERFH & S Ex - 2 b —7 2 HRAGEE RIRAFN),
TRNVF—IRAFAT, WY TNV OBEEC EIRELGICET 2 TR T2 2 N TE S, £z, HE
I RO L —PICL DB OB L EENRICLDENZEBET D L, Wl ¢ [T 2RI O B RIZBE T2
X (1) 235 54 % (Longaker and Litvak, 1969).
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Ar=[92) Ap+| L) A7 =L ap+| 22\ A7 (5)
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B CITEE ZRIN SN2 EE XD &, TOEIRIIREYCOES E (2B 5 LU N Helmholtz HEKIZ LY
TRENS.

P E IE 10 (a(rE)) (10)

+20kn — = ——
0z* "9z ror\ or

72770, Z iOCE T I O, B RN AR, £, ARE—ADOER EIXAT 7 AN EEEIEL, LL
ToOXELVH5EZ5.

2
£E(r,z)= 2—Pzexp Lz exp
W, w,

[DOI: 10.1299/transjsme.2014tep0200] © 2014 The Japan Society of Mechanical Engineers

. 2
— ik,

(11)
2R




Kim, Inoue, Doan and Fushinobu, Transactions of the JSME (in Japanese), Vol.80, N0.815 (2014)

2120, kol 3B, RIZV—YREOME, o, IHEEE—LEEZRL, RE 0,3z Il 0RATREIND.

b nw*)
R(z)=z 1+( Oﬂw”‘ﬂ (12)
2z
5 1/2
2z
w,=0, 1+(/{0”w2 ] ] (13)
20
— 07, JEITREIC X DM EIZLL T O X S 125 22 (B4, 1999).
u(7,1) = expl~ik,An(r,1)Az] (14)

72720, Az IIHEREEZTT. BITREDNIER SN CO D583 2 O L &2 BT NT D Z & CTHRESAR DR
{bEftETx 5.

E(r,z+A2)=u(r,0) £(r,z) (15)

BIOLFFR LA TOBIRIA (10) 2M< 2 & THEL, BOLERFRTORMRIA (15) 20 TEET
5. WO JRITEG~OEMZ GRS 5 2 & TR 2 0 Zd R b2 R 5.

4. EERERHE

4-1 RERER

X 22T ) A =BT DL XNEDSED _EAN 0 ORISR B AR, Bl SROm e 4, it
IR OFEBRE A RT. KPR L TOWBRIENEO VARSI S ERLE% Ons &3 5. BEREOEIE
FEMEHEITICRR L, IEREETNREL RDIEEHZRROEM L RELSRDEFZDH. BREOLELNIEE D
L X, 20 ns ~ 35 ns TfHE TRUNERFOZ LD, Fiz, WVIMELEZ DO E TR0 ReEIX SR SAITIKT T
HZENGIND. ZOMUNE, YU VOBBIEIGIC L W AT HBER THDL Z ENMLN TS, ERTH
W2 Nd:YAG L —H DOV AMEITEE R N E T b FRLIRICE END. Lin- T, FEhT A—
B L BRBRIE O/ NETONLS B & OBRICIERT 5.

FOBH 2 U 721 OB SE O IREE 13 Lambert-Beer OEHDN

/=7 (16)
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EEREND. EEL, LIXBHBECTHD. a BT A—2 L LEERITV TV ORIURKAEEZ D Z LTk
DRAZINANF—E B SHETND. a DIEICEDGT, WUNETONE FA Y RERIL 20 ns FRE & 72> TW D,
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R/ MEDI E D> TS Z NG5,

W T/ NT A=K L UIZERTIE, WvNE TOND N0 R & MER 7822645, 2 FAY D FERIE we
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5H#V5 (Brochard, et al., 1997). Z 0 & EHEEPR OFEHIZOW L4 - 2HICTREL b R%. —F, &E&fFTcrr=
VAFTETHDIDT, AT RN FT—1T 0o DEHEBIZHBHT D, FO720, BMEIZENELD EEZLND.

L %#/T A= L UEFEBRTIE, Bitox 2y NNOEBEEDN LITKFEL BT, Lan-T, LA
ERRE LY RWERETIE, Y7 AN TE—LEONMMPKRE AL D, RERTORIECEREET 200 pm
FEETH Y, L =300 um, 450 pm DEERTII V> T ANTAR Y Moo LY E— BB KE L AR DN EL S,
FDID, LERELSTDE, wga REL LIz T LABRRBELND. DFEV, LENTA—F & LI-FER
L we BNT A= L LTEFEEBRN G, UV ORIE B — AR N E TONLEH T30 IR 2 % X
ZEBNSIND. Flm, TNVEUAEBEELTCNDLDOT, LBELRDIEERAT AT —ZINT 52 LD, L
DB MENZE LT 5 Z LR3I TE 5.
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Fig. 2 Rising of thermal lens effect on ns regime, (a): The measurement with parameter «, (b): The measurement with
parameter w, (¢): The measurement with Parameter L, pump beam pulse is indicated on each result. As absorbed
energy gets higher, the change of transmittance becomes bigger. Narrowed pump beam waist leads to quick formation of
acoustic wave. The pump pulse is displayed on each figure.

4-2 BMEER

312 e =20 pm D & T DOFEBGHER L FIHEMAERE R, FHETITN 8) TR & 9 1Tt oI & 25 &
LTW5. 207280, e L A OWRINIZ & Y ik & — LM E ORI O A2 D JE Y 12~ KIEIZ
&< 2D, E—ARHY Tr K E RIEIEREGDIR SN2 2O RHDEOFZR =R Licd 5. 22T,
BRSNSV ATH D120, WEEARKD D & ZOBERIC L DBEROHENRE <20, r RO E AR
EIRPTRABFERNI 2D . - T, b IV A DOWIIC X DR EE BS540 % 10 ns £ T— B %
Fro. r FIRAIOBITRABLIT S DISTRLNITR > TOE, TIUTHEONARATEK SN D TEIBITINS 785, /- T,
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MRIVED TR (LA Z T b RE 2D, ZOFBRBRIIHNRD TS, UL, BEROFEENLE LT
W ERRIYER o EIHT LA WEREE I TR0 2002 72 720, WiEREIIIENT 5. 078, 20ns
IHECHVNE RO L EBEZ BILD. 00=20um TH Y, FHEHFEE(LONRBLI D 5L ns 1L E OB LR 2 v —
LAOPLETEHLS BRI E 2D, TDTD w0eo=30 um, 40 pm & U7=EBR Clatv OB RRRNELS 2D 52D
D, WO ER DI, HEEREERER LV —EETT IR0, ZOZEhs, T8
POVADNRIZ L B =¥ ) — WMRIRDIEITREN Z OFTATELFHREINZEEZONDS. 2FY, ZOE
BT VERHND Z S L0, BEERIIZIE VL AR ORI 7058 2 b 2 TIT 5 2 E B AlRE L 72 5.
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Fig. 3 Comparison between experimental result and calculation result of acoustic wave model at rising area of thermal lens
effect. The acoustic wave model shows good fit to the experimental result.

i/ INE TOSLE FA ) RER T SERAE R L FH RS R T 4ns BEH L 72> TRV, NIRERE O AE 2 G
BRER TR ORIERZ ER005. SEIOFETITEREEDN LI REL 202D, 7 VN ThbiE
HDE—LFEORKE SN DOGAABELD. 0ol LVLHL TR VM LE(LT 5D T, E—LROKEX
DIERH RO D PR RN ELZ RIFTEEZLND. LER->T, 2004 THDORRKE L TEZ
DT EWTED.

5. HWHENIWMASTAN—DRE

51 EFNICKDHEE

& L CGEGED DT ISV AL —FE WD Z LI LD SRS = A B 7 ORREME Z R
%, A R R OFEERE RN T BV ZAD VA = A B S DR AR, B R
WX BIBITRENOSLS ERY & F B SV A ERIESES 2 Sk L R E OB RRO S E LT
SHLZET WAV 2A VI RAREE D EBZOND. LIz - T, 7OVAEMELIT O T29OI2iE, FHiEsg
BALDORINE TOSES TR FEIZZR2 5 X< EL L, BvMEEZ/NS T2 2 & T ROBRHIE SV AD IR
i B CREORE FBRELE(E G252 ERIFREEND. 2 TR OMRESMOEEKIRL, D
BALDRR T Z T 5.

B LA L LT, e S A L 2 BU 2V AZRET 5 & L, BEEA - 22BN H T T v DFREE
DA E RO VAN BT RIG A BT D L5, R 3CERSEMEEZ AT, DR OB RIEE Y & [FERIZ 1064 nm
ELTWAR, o7z LAV ERE LT,
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Fig. 4 Image of pulse-shaping of ns laser pulses with thermal lens effect. As probe pulse propagates, pulse experiences the
temporal change of transmittance, and it leads to temporal profile change of the pulse.

Table 3 Calculation conditions

Wavelength [nm] 1064
Pulse width [ns] 7
Fluence [J/cm’] 20.37
Irradiation waist, @ [pm] 10
Absorption coefficient, [cm'l] 10.8
Sample length, L [um] 150

BTG OFEBEN 10mm O L X, K] & B — AT M OBEBEZ B8V CTORIE SV A OFRE /34 2% 5 12
AT BRI EE £ CORPRIEM AR L, felhi3otdhn o o2~ 7. LA A LisnE o vz
e FhEYeE RS2 & & O SV ADRFITIENR Y, AL U RREONL D ER VI L BIEITRE LR E K
IELTWBZ LG5, 20029V ADNENE, r=0mm TOMRESMEZK 6 IZRT. 7LV AIEIN 49 ns & 72
D, 30.0%FEESVAIERED TONTEZ EBNRnD.

2.0 2.0
I K __ L6
: =k =
g 12 g W) g
a. Q 4.
g - 3
§ 0.8 ;ji_’ 5 08 ;
= — = =
3 hs
& 04 S 04
0 0
16 12 8 4 16 12 8 4
Time [ns] Time [ns]
@ (b)

Fig.5 Calculated intensity distribution of probe pulse, (a): Original pulse, (b): Shaped pulse. The results show the rising of the
thermal lens effect makes the temporal profile of probe pulse distorted.
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Fig. 6 Calculated intensity of pump pulse on optical axis. As intensity distribution of the backward of the pulse is changed in
radial direction as shown in Fig. 6, it can be limited by small aperture. As a result, pulse compression is accomplished by
30.0%.

5.2 SRBERICKkB=E

BEE LAl Uiz b &, B v R L 5 FBRELCON S BN OFBEZITHZ LIE B/ UL A
A B OB EHERT D, BITEREEANE D B o THvD 20 ns B2 E TR IME A E> D T, 2L A1 32.2 ns
DF I SN A L —HFEH WD Z & TR INERE ORI R b 2 RFfh ECRESZIT L L5125, oL,
RO AU T ATHVSVAY = A B TRARENETIRD. 2D, K/ VLR LR SL 2 o B
AAI T HAGER Y 7 ATRM S, FEEZEE 5 2 7208 HIFIZE 0 ~ 40 ns O CREREI S ARFHIIZIT 5. B
DWW 870 nm EFHEKRDOWE LV EL L, F—L v X CHEY URERBHIBE L7 & X — RS ATRE
LD LT D, RKAITERSEMIERT.

Table4 Experimental conditions

Pump wavelength [nm] 1064
Pump pulse width [ns] 7
Pump fluence [J/em’] 43.13

Pump irradiation waist, wy [pm] 12

Probe wavelength [nm] 870

Probe pulse width [ns] 322
Absorption coefficient, a [cm'l] 9.7
Sample length, L [um] 150

B 7 ICFERRAER AR T, 2OV AL DSV ATER DR ZIZ Lo TEL L TV D 2 E DD . RERIZEN 0~
30 ns DAL TO /L ATARDZEAIL, HER DTEREN & 72 DIPTSR b DO FEEZ T TWbH EEX NS, £,
K 8T bH T T ATEVEIR TSV AL = A B2 7 SHUTZRE#ZE 20 ns D7V 2 LR SV A DTEOFIR
DA R, D7V AD I YV AMENR 322108 THDHZ LKL, 7SIV AL = A ¥ 7 SN2 UV AR 25.2 ns
THY, 21.7% SNV AEREL 2o TWD . 4.1 HiOFHREFER CIEERELEL O NE TOLEH TR0 #HE Huv:
D, T2 TN LDONE ERVEHERNTWS. ZO/RR, JLONRVANL Y oA B T INHEs b A D
5. 2OV AR EREOBLE N SEEN TH D &, BN 0ns O/ ADBERBIFRE 7 0 7 7 A MdEm = L ¥ —
HN7Ty Mo TWnWbZ b RN, UEdFELdd L, ERNTA—FEENEIELZLICLY, VE
WL U/ SVAY =2 A BV T RARETH DL EE 1 5. Sk, KRFEOEREIOHEMIZEI LR/ VAT = A
B 7 EORFTORMDH S .
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Fig. 7 Change of temporal pulse profiles corresponds to irradiation time intervals between pump pulse and probe pulse. Probe

pulse is shaped temporally as the peak of thermal lens effect rises.
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Fig. 8 Original pulse and shaped pulse with 20 ns interval. Pulse compression is accomplished by 21.7%.

6. &

AR TIL, WIS VB SV AL —F R T2 L E5| SR SNV XWRDOND B OFeE %R
Rz, F I A =L TOEML X EON S BN D IXBER ORENRRE , BEFICL 0 HFRRE Lot/ E
TOREINEL TR 255 2 LN TE D, TOMMAITEAT VX —ERENT 5 /S b. E2, i
INETOSNS T Y RERIITS B — AR TR SN2 AR CHITT 2 Z E 8 FHET, B E—2R%2/h&<T
HENH IV RENITELS 225, 2O X5 RIBIrRZ(LOSNL S BBV X, BERET VXV RAES Lz, £z,
BREEW DAERRITLE S BT F ) B L—F L RO SV A o A B TSR TE A Z L 2 FER L
FHETR L. BRI O D EXD ZHWD Z LT, AREIOFERSEM T Tld UV ARE 322ns D7V A L—
MBIV ANR 25208 D7V ARNE LD T EINFEFES L.
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