04tz )

l

ROt F AR

P LI 4

251K 3P0
-

b
_—

UNOAm

A0B76216

# % & K #



R F X5

wswsTIH X T % #H
1999 4 5 A ACTA PHOTONICA SINICA

Vol.28,No. Tl
May 1999

()

(Special issue)

K 0w P+ A X ¥ ¥ %
TR TRM I REEN S
P 80 15 AL P9k T10068)

£ 8 & W

£ R

Mg ©F®

A ook B OB 4 M
% 64 45 AL WLF 51 B

WOl M4 RER

(e ARG AL 16 §)
P B8 S - 100717

P9 B AR T

mERAETR

2 E S M HB
FHF 8501168

. Ep# 200

# =
& 7
iT %

THE CHINESE OPTICAL SOCIETY
Editorial Board of Acta Photonica
Sinica

(P.O. Box 80.Xi"an P. R. China)
Post code : 710068

Tel ;029-5261376

Cable;Xi'an 1080

Chief-in Editor : Hou Xun

Specific Duty Deputy Chief Editor .
Ruan Shuangchen

Published by :Science Press
Printed by : Xi'an Youyi Printer

Shaanxi,China

Eigk 7.5
FH 200 F

1/32

ISSN 1001—4213

CODEN GUXUED
CN 61—1235/04

MERES 52— 105 E



2]

HRAFER S AFABONENARTAMZ - EERE
THREMER ABRBALE LEFEERABFHRENHE AR
BEEEMMA.

Hit AMFIAEREEUBEERKIMIAT=EHETF 34
It FE 4 B Bk b s SR T O O B e UK B R (CPAD K R R SR M0 5L T A
TW 4 B 80688 T 248 10°W/em? B9 5% £ E 08 K RS
SRR LT AEARERGRRRNAVERTE. 2HEHY
HEEGEDEREERE DA EKm ES RO EE
VRAABEMAESEENET LR LR/ M RBELE
WEF A TREMCK AEREHIIR B E S RSN
AEAMENABREEDN T HHTETEELB TR HEARM
HHERENTE. TR THERARTROHERE.ERTEY
FHEERANSNRE. TWEARPWEANEBERELRPERY
FEBRRERE HFXHEAE AU EHERLEREESHNEETF
B BEERASTHHMREREAERE THMICESE LY
PSS, FIETHUITARERINDARBEHR.

AHPRRHWXETERREFNENRBAA  ERREEIR
B RHE . TEASLHETOMASE . BENRLERE L
8 ,Cr'™ : forsterite ¥ J #8,Cr'* + YAG # 3 #,Yb : S—FAP
B PO s YLF MR U R AR EGEWE, &

BEaOEE £ LEMRURBEXERNEXBHAR, K&
1



B WBIRE, BMB %,

HEAXEMEFDZIR RRFRBRHERAFE T FE R
T AE M 3R AN S0, A o B R B B K ORYL AT 91 AR R AT
PR SR A BRI R B £ M R B AR TR E RO RR
BLANBRENE-BE TENEMNMEERRHEBEE,

BEXEAAHFTEET¥RYER SENREH KEyE
FoEEMADRAEBHRN, ANRELARNMOTR TR
TR,

I A RN FG T MR L.

. 2%
19994 5 A1 B THE



B =4

Effect of group velocity mismatch on the masurement of
ultrashort optical pulses via second harmonic generation
s-==s+eovr Zhang Fan,Ruan Shuangchen(1)
Continuous wave mode-locked Pr** : YLF laser
sresssseaeeennns Ryan Shuangchen,Sutherland JM,
French PMW,Taylor JR(14)
Dual wavelengh Pr : YLF laser «+++:-+«+++« Ruan Shuangchen(21)
Kerr-lens model-locked visible transitions of a Pr : YLF laser
sreseresessesseanne 8§ Ruan, J. M. Sutherland ,P. W. W, French,
J.R. Taylor,B. H. T. Chai(27)
Kerr lens modelocked solid state lasr in the red (639nm)
ssssssssesieseess S Ruan,J. M. Sutherland ,P. M. W. French,
J.R. Taylor,B. H. T. Chai(3%)
Pulse evolution in cw femtosecond Cr®* : LiSrALF, lasers
mode-locked with mwq saturable absorbers -+« S. Ruan,
J. M. Sutherland ,P. M. W. French,]. R, Taylor,
P.J. Delfyett,L. T. Florez(46)
Diode-pumped,single-[requency,Cr ¢ LiSAP coupled-cavity
microchip laser -+ J. M. Sutherland,S. Ruan,R. Mellish,
P.M. W. French,]. R. Taylor{58)
Mode-locked Yb ¢ S-FAP laser ecesreercrcucsrnnnnnn Long Xiao,
Ruan Shuangchen, Tong Yhu-Ping(71)
BB CHE Cr'™ = forsterite BOEBMABHIR - BEE(89)
1



P4 o BB R R B T R O AR Be B, & (98)

Cr'* s YAG M AT EH v f0a8 LA HE(104)
A S S A BOLR A BTST - - BUAER, g #(117)
ERATASRIBHEMNREEN BRI SHRRAETOROCEIR

- BUOLEE, EW(122)

VAR K R MR R BN ES T RBR
- BRE, MR, UR.EAL . FH,EHAQZD
BREEABEBAMRFSETEEBRNEMHERTRBISE
C HERE RN, EAA, EW,EH138)
MANBREABREREBAFENT - HRE. UK. EHUD
BHEEAOFH P HERCCPR
- BB, EARALHBE, B A55)
B REEHHARNRT - - mREEEE,
ﬁi%'ﬁfﬁ},iﬂiﬁ,iiﬁsﬁjﬁﬁ(lm)
BN REREO DB R R R B8, FAkA B RE(168)
!ié%%%?ﬁ%%;\iﬁﬁﬁﬁﬁﬁfﬁ#ﬁﬁ
CHRER.EAHEATD
AT L Cr ¢« LiSAF #b R8s - © BB BN,
ERAEH, Eﬁ%ﬁﬁ.ﬁfﬁ(wo)
X EREIEIEREMA Cr : LiSAF ¥t %8
- BRI R EA(185)
k2R ARMAE Cr : LiSAF T i# % &8
. o MR B, B EE(189)
LD EdiEsiEs Cr: LISAF A S BRENET 5B
g I T T T TP PPN %%m‘ﬁﬂﬁ-{%m(l%)
LD EisEE a4 X Cr ¢+ LiSAF # . 88
- © BHEW.ER, B E(203)
R W B o R R M B A AT e BB ECENER, BB
2



EFFECT OF GROUP VELOCITY
MISMATCH ON THE MASUREMENT
OF ULTRASHORT OPTICAL PULSES

VIA SECOND HARMONIC
GENERATION

Zhang Fan,Ruan Shuangchen
Xi'an Institute of Optics & Precision Mechanics
Academia Sinica . Xi'an 710068, F. R. China

Abstract The use of second harmonic generation as a tech-
nique for ultrashort optical pulse width measurement is analyzed
in detail to determine the effect of group velocity mismatch be-
tween fundamental and second harmonic fields. We find that for
interferometric autocorrelation and intensity autocorrelation type
I phase matching,GVM has an appreciable effect. While for in-
tensity autocorrelation type I phase matching,the effect is less
noticeable.

Keywords Group velocity mismatch; Second harmenic genera-

tion interferometric autocorrelation ; Intensity autocorrelation



1 Introduction

With the progress made in the generation of ultrashort pulse
recently, a precise measurement of the pulse duratioln becomes
more and more important. The use of second harmonic generation
(SHG) as a technique for optical pulse width measurement is of-
ten chosen because of its accuracy,effectiveness and accessibili-
ty. However, when autocorrelation method is used with ultra-
short pulse (<Z100{s),precautions have to be taken before dura-
tion characteristic is extracted from the experimental curve be-
cause of the present of the group velocity mismatch(GVM).

In this paper,we analyze GVM effect in detail. First,we ex-
amine SHG in nonlinear crystal B-B.B.O, (BBO) for different
wavelength in the case of type I phase matching Second, the
SHG measurement is analyzed assuming a collinear geometry
with type I phase matching. In addition,the noncollinear geome-
try,still with type [ phase matching,is considered. Finally,type

1 phase matching is discussed

2 Group Velocity Mismatch in BBO Crystal

BBQ is a negative uniaxial crystal and its Sellmeier’s equa-

tions are as follows'.

201y = sgy . 001878 540
e (A) 2'?339'(32-'-0‘01822) 0. 013544



_o.01224
(A*—0.01667)

where Ais in microns. We define group velocity mismatch as Au™

ni(A)=2.3753+ —0.015164°

t
=y, ' —uz;'. Here u, and u,, are the group velocity of the funda-
mental and second harmonic pulses respectively. For type I
phase matching, Au"'( 1 ) =us"'(0) —uz!' (e). While for type I
phase matching,there are two kinds of GVM ;A" ' (1 ) =u;"'(0)
—uzt(e) and Au"'( 1 )=u."(e) —u;' (). We introduce a group

velocity index m =c/u. Here u is the group velocity and ¢ is the
. . . c dn
velocity of light in vacuum. Then we have m=;=n—¢l i In a

uniaxial crystal,m, is constant and m,(#) has an angular depen-

, . %9 | sin’g| =
dence given by’ m (f) = ( cm’z +i1-112—) . Here m, and m, are

mi m;
the main group velocity indices for #=0° and §=90° directions,
respectively. For a given wavelength, we can obtain the value of
m, (8) ,then we can get Au™'( 1) or Au""'( I ).Fig. 1(a) shows
refractive and group index curves,respectively for ordinary and
extraordinary waves in BBO as a function of wavelength. Fig. 1
(b) shows GVM curve versus wavelength in BBO with type |
phase matching. We find that for a wavelength of 1541nm phase
matching and group velocity matching can be achieved at the
same angle #=6.6°). It is to say.for 1541nm,GVM value is ze-

ro.
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and extraordinary waves in BBO as a function of wavelength;

1. (b)GVM versus wavelength in BBO with type T phase matching

3 Collinear Geometry type [ phase matching

We consider first the collinear geometry with type [ phase
matching. The two input pulses E,(¢) and E, (¢ +d)exp(—i@)
have the ordinary polarization, where 2 is the dephasing be-
tween them and d is the delay between two fundamental pulses.
The second harmonic pulse has the extraordinary polarization
perpendicular to that of the input pulse.

We develop a semianalytical calculation that gives the shape
of an autocorrelation curve for a sech® pulse in the present of
GVM. The fundamental pulse is supposed to be transform limit-
ed and its intensity weak enough that conversion efficiency is

low,so its depletion can be ignored. Then SHG is described by
4



the following equations®;

B 1k, Sh)
* i &
; IE,
e L B+ Bt )T 2)
&k ou, x

Here «, and u,are the group velocity of the fundamental and SH
pulses respectively. £ is a coefficient proportional to the second-
order susceptibility. E, is the SH amplitude. In the relative time

of the fundamental pulse given by Ty=rt—z/u,[weil ], E, is de-

fined as
B E, ,
El(T")_c—"osh[ﬁ(TD/AT)] (3)

where §=1. 763,AT is the pulse duration (intensity FWHM )and
E, is the peak amplitude. Considering the relative time for the
harmonic beam T=t—z/u;,then Ty=T—2C,with C=1/u,—1/
u; being the measure of the GVM. We define A=8AT,D=Ad,

s0
E,
cosh[ B(T—=2C/AT)]
E,
cosh[ (T +d—=zC) /AT
We introduce (4) and (5) into Eq. (2). Then the solution of the

SH Pulse is obtained ;

E(T,d)=

Ei(T)+Ey(T+d)exp(—2i¢) + Epinent (T s dDexp ( —igh)
Here @f=wd,and

(4)

E1 (T)=

(5)

E(T+d)=

T—LC| AT

~ar | 5e (6)

E.(T) —kEzl tanh,a? tanh;?



E T+ d)=

T4d I—i—d LCy AT
klsr_,ll.tanhﬁ Ap tan hf ——= B (7
—2kE:
E':lllrcl[(T sd) ACS!D]] (D)I

[cosh [A(T—LCy—D] cosh(AT)

| “cosh[AT—1.0)] “cosh(AT+D) | (8

3.1 Interferometric autocorrelation

When interferometric autocorrelation method is used,the en-

“+ oo

velopes of the curves are then given by I(d)‘x,[_.ao JEZI(T,d)

|*dT. Figure. 2 shows the calculated interferometric autocorrela-

tion curves for different lengths of a BBO crystal at 1250nm. The

fundamental pulse duration in Fig. 2 is 30fs. As expected,if one

intensity{arb units)

Fig. 2
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Interferometric autocorrelation curves for different BBO thickness

the measured durations are {a) 31, 7fs, (b) 41. 4fs



uses a crystal that is too long,one gets a broadened curve. For a
0. 5—mm—thick crystal (Fig. 2(a)),the shape is still correct but
the mecasured pulsc duration is 31. 7fs,a 5. 7% error, and for
thicker crystal one gets distorted curves. For a 3. 5—mm — thick
crystal (fig. 2(b)) ,the measured pulse duration is 41. 4fs and spa-
tial frequency doubling appears in the wings o f the curve,which
whould not be confused with a chirp signature. The importan-
tquestion is what maximum crystal length should be used to mea-

sure accurately a given pulse duration. In Table 1 the maximum

Table. 1 Maximum BBO Length to a Given Pulse Duration I
with an Accuracy of [0%

‘sz, BBO Length(pm) 'l Max. BBO Length(gm)
[Pulse Durationtfs) Produet LC0s)
A=E00nm A=1230nm
10 60 256 11.3
15 90 384 17.0
20 120 513 22.7
30 180 | 768 3.0
40 240 1025 45. 4
50 300 1280 56.7
75 145 1900 84.1
100 | 505 2530 112

length L. 10 make a measurement with an accuracy of 10% is giv-
en for various pulse durations. These results are for the case of
800nm*(C = — 189fs/mm) and 1250nm (C = — 44. 3fs/mm) in
BBO,but with the only relevant parameter being LC,they can be
used for other crysta].s and other wavelength. We use the abso-

lute value of C for the sake of conveience. The measured sidth in-
7



creases with the length of the crystal, but it saturates 1o 1. 6
times the original width®.
3.2 Intensity autocorrelation

If intensity autocorrelation method is used ,we obtainf/(d)cc

J. w EXTYFENT+d) + Eboe (T 1 d )Y JdT
As expecteed, intensity autocorrelation curve does broaden
when one uses a too thicd crystal,but its shape doesn’t change.

Fig. 3 shows the dependence of the measured width on the erys-

1.10 N I ]
= = w o
= - w *
1.08 4 oy
o =
_- »
s 1.064 %
o
= -
] 1.041—,K
- »x  30fs
1.02 4, » _501’5
-
L] . ——
0 1 2 3 4 5 6

Crystal thickness (mm)

Fig. 3 The ratio(measured duration/real duration)versus the crystal (BBO)
thickness for two real pulse durations

tal thicdness {or various pulse durations(30 and 50 fs) at 800nm

with collinear geometry, type T phase matching. The measured

width also increases with the length of the crystal, but it satu-

rares to 1. 1 times the original width. So GVM has no appreciable

cffect on intensity autocorrelation measurement.

8



4 Noncollinear Geometry Type [ Phase
Matching
In this case the second harmonic pulse is produced only

when both [undamental beams are presenr. Then SHG is de-

scribed by the following equations.

E, 13, _
E"f'“l g =0 (9
E, 13,
g*i‘;a-'&—-—kﬂ‘, (OE (t+d) (107
The solution of Eq. (11)is
—kE}
Ez(Tid)_m

cosh[A(T—LC)+D],, _cosh(AC)
cosh[ A(T—LC)] cosh(AT+D)

In }exp(-ia.-d) (11)

=

+
So the autocorrelation curve can be obtained by l’(d)OCJ'_m | E,
(T,d) |*dT
The curve is background free and GVM has no serious effect on
the measured pulse duration. Table 2 shows the dependence of
the measured width on the crystal thickness. The fundamental
pulse duration is 30 fs and the wavelength is 800nm. The mea-
sured width also increases with the length of the crystal, but it

saturates to 1. 1 times the original width.



Table. 2 Measured Pulse duration for different BBO Length

BBO Length(pm) 100 | 200 | 500 | 1000 | 2000 | 3000 | 4000 (10000

Measured duration(fs)] 30.5| 31.1|32.3|32.5|32.732.9| 33 33

5 Type I Phase Matching

In the case of type I phase matching,two nonidentical fun-
damental waves (i. e,one vrdinary and one extraordinary wave)
interact to produce an extraordinary wave at the second harmonic
frequency. In comparison to the preceding analysis,the new fea-
ture here is that there are two kinds of GVM ;GVM between the
two fundamental pulses and GVM between the fundamental and
the SH pulse. We define C,=1/u;,— 1/u, and C,=1/u1.— 1/u,,
where u;, and u,, are the group velocities of the two fundamental
pulses. u, is the SH group velocity. Then we obtain C=C,—C,=
1/u1,—1/u,,,C means GVM between the two fundamental puls-
es. For type 1 phase matching,SHG is described by the follow-

ing equations?;

By \E_
% +u“_ 3 0 j=o0,e (12)
dE,  13E,
E+E_¥_kEloE1e 13
We define
Ewn(Ti) = E, — E,
WAt cosh[ AT, ] and E\ (T, +d) cosh[A(T,, +d)]

Here T, =t—=z/uy.. T, =t —=z/u,. Considering T=t—=z/u,,Eq.
10



(13) becomes

dE,(T,d) kES
&  cosh[A(T—=zC,)Jeosh[A(T+d—=zC,)]
- LE; (14)
cosh[ A(T —=2C,) Jeosh[A(T ~zC, +d+=C)]
The autocorrelation curve is given by
+oo
I(d)OCJ—WIEg(T,d)LZdT 15

The introduce Eq. (14) into (15) and calculate it numerically.
Then we get the following figure.

Fig. 4 shows the calculated intensity autocorrelation curves

~ t+o} i - 1.0} S
z i ) [Trswia]
3 osf I S os 1
2 il &
® oe J || 8 08T
z [ z
= Iy ]z
ped D4 | | : 0.4
L] - &
E o1} 4 E oay
\
pofF — B i 0.0 -I
260 7660 100 z00 -200 -i6ec  © 100 Z00
Delay (fs) Delay(fs)
(a) (b)

Fig. ¢ Intensity curves for different BBO thickness with type 1 phase

matching the measured durations are(a)31. 4fs, (b)€8fs

for different BBO length with type I phase matching. The fun-
damental duration is 30fs and the wavelength is 1250nm. The
phase matching angle is 41. 06° C,=185. 3fs/mm,C,=—75. 3fs/
mm, C = 260. 6fs/mm. The group velocity mismatch C between
11



