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Study on green problem of SHG
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Abstract: An extended physical model on intracavity binary wave plates based on the Jones matrix
formalism that gives the prerequisite for independently intracavity frequency doubling under CW mult+
longitudinal mode operation has been obtained. The formulas for eliminating the noise of the frequency
doubled output in phase matching type I and type I conditions are presented. A general condition
concerning the round-trip Jones matrix has been achieved. T he eigenvectors for the phase matching type

II and type I have been determined analy tically.

Key words: sum-frequency generation(SFG)  phase matching type Il and I = second harmonic
generation ( SHG)

sk’ WEF" FE#" T % EEHA
& 1E ﬁéb [ b Volker Gabler  Hans Joachim Eichler”
* , ,430074)

* \ , 100080)
(¢ Optisches Institute, TU-Berlin, Str.d. 17. Juni 135, 10623 Berlin, Germany)

Jones

N I I
Jones

II I

Introduction

Second harmonic generation (SHG) is a widely used nonlinear optical frequency conversion to
generate coherent radiation in visible and UV spectral regions. However, the output noise due to

large amplitude fluctuations emerging in CW intracavity SHG lasers under mult+longitudinal
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modes operation, w hich has been referred to as the “ green problem”, has limited the development
and application of compact CW solid-state SHG lasers to a great extent. In this paper, the output
noise of CW SHG lasers with both phase matching type II and type I corresponding to the green
problem for or blue problem has been investigated theoretically. As it is known, in a free-running
laser of multi-longitudinal modes, such longitudinal modes oscillate simultaneously without fixed
mode te-mode amplitude and phase relationships, if there is no nonlinear crystal or mode-locking
element in the cavity. T he resulted laser output is a sort of time averaged statistical mean value.
Each mode oscillates independent of the others, and the phases are randomly distributed in the
range of — T to + T. In the time domain, the field consists of an intensity distribution which has
the characteristics of quite small thermal noise. T he total intensity is nearly the sum of these in
various longitudinal modes' . When a frequency doubling crystal is inserted into the laser cavity,
large amplitude fluctuations are observed, even if there is not any Q-switching and mode-locking
elements.

Baer used a system of coupled differential equations to describe the mult+longitudinal mode
laser in the rate-equation approximation and pointed out that instabilities arose from the coupling
of the longitudinal modes in the laser oscillator by sum-frequency generation (SFG)'!. The key
point to stabiline the output of a CW laser with intracavity SHG is to eliminate SFG>** . In this
paper, a physical model based on binary wave plates (BWP) and Jones matrix has been adopted.
T he relationship of &;, &; with phase shift of each wave plate and relative azimuthal angle W has
been determined to relieve mode coupling and eliminate the nfluence of SFG in nonlinear crystals
for general cases of both phase matching type II and type I . The fundamental wave eigenvectors

of roundtrip Jones matrix have been presented for each phase matching type.

1 Analysis : )
The BWP physical model of a CW

laser with intracavity SHG is shown in

Fig. 1. This model shows a general case,

4
A4

in which the wave plate may be either

\
)

frequency doubling crystal or lasing 5
medium or another optical retarder. Fig. 1 The schematic diagram of BWP
A rtound-trip Jones matrix starting from the SHG crystal (number 1 in Fig. 1) and ending at

the same point after one round trip can be expressed as

M= J(O, 8)J( W &) J( W &)J(0, 8) = [mn mlj:

ma  m2
expli( 81+ &)]cos® W+ exp[— i( &— &)]sin> W isin(2 W)sin & :|
1
isin(2 W)sin 62 exp[— i( 81+ 52)]0082 Wi expli( &2 - <'31)]sin2 W ()

where Jones matrix of a wave plate (retarder) is

JOUE = R(WC(GR W = |:ooslp - smu][exp(iﬁ/z) 0 Hcosw sin‘j’

snW  osW 0 expl— 12 L-sin ¥V s
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81, 2= 2T Me, = Mo, 2) l1,2/ A Ais the fundamental laser wavelength, Me, and n,  are refractive
indices of two major axes in each wave plate.
T wo eigenvectors corresponding to M are then
All b+ ¢ M| b- c]
Ei( o) = Zl[ A} o Eao(w) = Zz[ A (2)

where
b= cos® Wsin( &1+ &) — sin® Wsin( &— &), ¢ = [b*+ A]Y%E A= sin(2W)sinS (3)

Zv= b+ )P+ A Zr= Jb=- )+ A (4)
A= Agexpli(@it+ P1)], Ao= Aqzexpli( @t + )] (5)
# and ®, are randomly arbitrary phase shifts. T he frequencies @; and ©; are generally very
close but not identical, so that the sum frequency( @+ ©) is very near 2@ and 2,/ % . Z, and
7> are normalized parameters. A | and A 7 are the fundamental wave field amplitudes.
For the phase matching typell (oot eo), the nonlinear polarization is given by
P(oi+ )= defll Eof @1, 02)FEe( ©1, ) (6)
where defll is the effective nonlinear coefficient of type Il, Eo, Ee are the sum of the ordinary,

extraordinary components of E1and E», respectively.
The time-average intensity with random phase approximation is' !
I(o+ )= (P(o+ Q)z)P* (0 + wy)) =
(bt ) A2 B[ (b= ¢) A 2bA| 2
I 2 + 1> 2 + 1l
Z] Z2 Z1Z2

(7)

where { ) stands for the time average.
According to dynamic analyses of rate equations ?, SHG output noise results from the SFG,
which corresponds to the I172 cross term in Eq. (7). T herefore, b= 0 is the prerequisite to

eliminate the noise of output. The Eq. (3) is given in this case by

cos” Wsin( 81+ &) — sin® Wsin( 8- &) = 0 (8a)
or tan® W= sin( 82+ 61)/sin( & - &) (0 < W< m (8b)
The above equations and Fig. 2 give the 5,=(i/100)%

relationship between &;, 8, and W in the 0.s0} i=1.5.10,15,20,25,30, 35,40, 45. 49
general case for the phase matching type Il to \A r\}'}\ A
stabilize the SHG output. The eigenvectors ®

' Bl
that can satisfy b = 0 are and 0.25ps

J2 L1

M| — . .
J—E[ 1] , respectively and the time average
SHG output is [ (@r+ @)= [I*( @) + s o o nE 0.0
1*( @) ]/4 from Eqgs. (2) to (8). When W= 5,(m)

. o Fig. 2 Dependence of Won &, for different S, in the case
T/4 and &= T/ 2, b= 0 is always satisfied for : :

of phase matching typell
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arbitrary 8.
For the phase matching typel ,there are two cases :

(1) oot 0o P(('ol + (")2) = dgfﬂ[EU( Wy, ('02)]2 (9)

. of b+ ¢ ! 2l b= ¢ ! A|°
I(o+ &)= (P(0+ Q)P (0+ &))= I 7 + I 7 + 41415 77 (10)
(2) ewt eo P(or+ @) = dign/Ed @1, @)]? (11)

4 4 2 2
B % B 2 _A 2 _A A
I(o+ @)= (P(or+ @)P" (o4 w))= 17 2| + I [Zz] * 4"12[2122} (12)

where dérl and dernl are the effective nonlinear coefficients of typel , respectivly.
T he condition to eliminate noise for the phase matching typel is just as for the type II, i. e.
the I112 cross term must vanish as follows: A= sin(2 W)sinS,= 0 (13)

T he above equation shows the relationship between &; and Win general case for the typel

1
phase matching to stabilize SHG output. The eigenvectors that can satisfy A= O are A1|:O] and

A2|:‘:| , and the time average SHG output is 11> or I,” for the o+ 0w or ewt ew, respectively, by

using Eqs. (3), (4), (10),(12) and (13).

2 Discussion

T he mult+ longitudinal mode laser with an intracavity SHG has been investigated by BWP
model and Jones matrix. The equation system is more extensive than others! > as the W, &; and
& are varied.

For the case of phase matching type I, equations ( 8) give the relationship between W, §;
and 62 for eliminating SFG in general cases. When & equals 7/2 using a quarterwave plate
(QWP) particularly, for instance, the azimuthal angle W equals T 4 from the equations ( 8). T his

Al
special result is the same as in Refs. [ 3~ 5]. The orthogonal eigenvectors of M is J_El[ J and

Al
JE | yet.

Asregards type [ phase matching, the relationship between W and & must conform to
equation ( 13) to eliminate SFG. It is enough when the azimuthal angel W equals 0 or /2 in

1 0
accordance with Eq. (13) . The eigenvectors of M should be A1|:():| and Az[‘] . In the case of oo

N o . 1 0
+ 00 Or ev+ ew, the contribution to SHG output to eliminate SFG is A |:(;| or A2|:‘] ,

individually. In addition, the & can choose the mI, and this condition to eliminate SFG
corresponds to inserting a fulk wave plate ( FWP) or a halfwave plate (HWP) into the cavity, the
SHG laser will show stable output independent of W. In an experimental setup, if the cavity
includes only a SHG crystal and a lasing medium w hich can be manufactured as FWP or HWP, the
SHG laser output will be stable and insensitive to the phase shift of SHG crystal and W'
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In conclusion, the conditions in formulae Egs. (8) and ( 13) determine the relationship
between azimuthal angle W and phase shifts & of optical elements ( lasing medium, SHG crystal,
wave plate, etc. ) in SHG laser, to eliminate SFG influence in the cases of both type II and typeI
phase matching. In other words, if only the polarized states of fundamental wave in SHG crystal

Al A | -
can be managed according to phase matching type Il having J_El[‘:| and J__22|: 1i| , phase

1 0
matching typel having A1|:0] or Az|:;| , respectively, for the case of oo+ 0o or eo+ ew, the

stability of SHG output will be the same as fundamental wave’ s. In a more general case from the
viewpoint of the roundtrip Jones matrix M, as long as components m;(i,j= 1,2) of M that
starts from the SHG crystal and ends at the starting point after one round trip, satisfy following
relationships, either m11= m22 or mi2= 0= m21, respectively for the phase matching type II or
type I ,the SFG influence can be eliminated, no matter how many numbers and kinds of optical

elements are in the cavity. The relationships are in agreement with the eigenvectors of M as

above.

0
For the case of phase matching type I , taking a horizontal polarizer |:0 O] as an example,

exp(i61) cos” W sin Weos W
= ) and W= 0 or 7/2, then M is always the diagonal
sin Weos W exp(— 161)sin” W

matrix for the oo+ owor eot eo. Therefore, it is beneficial to solve “ blue problem” by inserting a

polarizer in an unpolarized resonator, in which the polarization of the fundamental wave radiation

1 0
should be along with [J or |:‘:| , according to the phase matching conditions. Above theoretical

results provide foundation to solve green and blue problems.
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