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Lasers with the Optical

Kerr Effect Modulator

K. SALA, MARTIN C. RICHARDSON

Abstract—A detailed analytical investigation is presented of a nonlinear
device termed the optical Kerr efféct modulator (OKEM) which is used
to passively Q switch and mode lock high-power lasers. Experimentally,
an OKEM employing two standard quarter-wave plates is used to
passively mode lock the Nd:glass laser. The mode-locking threshold
dependence upon the parameters of the OKEM transmission function
is definitively established. Pulsewidths and spectral measurements are
given for the train of ultrashort pulses from the glass laser mode locked
with the OKEM using two different Kerr liquids. -The analytical and
experimental results together indicate that the OKEM technique is a
versatile and viable alternative and in addition overcomes most of the
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shortcomings intrinsic to the saturable absorber technique. The non-
resonant nature of the OKEM suggests that it should find immediate
application as a passive Q-switching and mode-locking element for a
variety of 1asers including dye lasers, UV lasers, the €O, lasm, and,
notably, the ]ngh -power iodine laser.

1. INTRODUCTION

HILE the use of saturable absorbers for passwe mode

locking is a straightforward and simple’ technique,
numerous mvesugatlons of the technique have revealed'a num-
ber of intrinsic shortcommgs, particularly evident ‘with h1g11
power pulsed lasers such as Nd: glass [1] [2]. Thére exists,
however, an alternate passive mode-lockmg technique based
upon the phase modulatl.on characteristics of the optical Kerr
effect (OKE) which compares favorably with the simplicity
of the saturable absorber method while pmvu:lmg a. much
greater degree of versatility and control over the mode-locking
kinetics:, The basic device, hereafter referred to as the optical
Kerr effect modulator (OKEM), is illustrated schematically in
Fig. 1. The transmission for a round trip through the OKEM
is a function of the orientations and retardances of the wave
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Fig. 1. OKEM. R, Ry = retardation plates; M = fully reflecting

dielectric mirror; Py = thin film reflection polarizer.

plates and of the self-induced ellipse rotation (SIER) occurring
in the cell. Since the SIER is intensity- and polarization-state
dependent, it is possible to select suitable values for the
orientation angles and the retardances such that the OKEM
transmission as a function of intensity resembles that of a
saturable absorber, The first reported use of the OKE for
passive mode locking came in 1968 from Comly et al. [3] who
utilized a cell of heated nitrobenzene or a-chloronapthalene in
a ruby laser conventionally @ switched by a rotating mirror.
The possible use of SIER for simultaneous Q switching and
mode locking was first raised in a general sense by Glenn [4].
Shortly thereafter, Dahlstrém independently proposed and
successfully used the OKEM to passively Q switch and mode
lock the MNd:glass laser [5]. However, an apparent lack of
numerical parameters makes duplication difficult and since
1972 no further reports on this approach have been made.

The present paper presents a detailed analysis of the trans-
mission properties of the OKEM for arbitrary values of the
retardances. A closed analytical expression for the OKEM
transmission is derived. It is then shown that the value of the
first retardance is a redundant parameter in this expression
with the result that, with only three independent parameters
to consider, the problem is considerably simplified. A specific
version of the OKEM which employs two standard quarter-
wave retarders is studied analytically. The OKEM Q-switched
and made-locked Nd:glass laser is investigated experimentally
and the mode-locking threshold dependence on key transmis-
sion function parametersis established. Pulsewidth and spectral
measurements of the mode-locked picosecond pulses are pre-
sented. The paper concludes with a brief discussion of further
developments and apphcanons of the OKEM mode-locking
technique.

II. THE TRANSMISSION OF THE OKEM

The various elements of the OKEM are described by their
Jones matrices [6] presently written to conform with a
positive phase convention defined as exp [i(kz - wt +8)].
The fully reflecting mirror adjacent to the retarder R, has
the Jones matrix :

>, )

while the polarizer P, is described by

P“(IO)
*\o o}

(1)

@)
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It is assumed that the only linear loss in the resonator is that
due to the output mirror. The retardation plates are described
by the product matrices R(8;, ¢;) = ey M(-6;) R(g;) M(8;),
i=1, 2 where

cos 9;

M(6;) = (_sm 0, ) and R(¢;)

~ (exp -ig;f2 0 )
B 0 exp i¢;/2

sin 8;
cos 8;-

®3)

are the coordinate rotation and retardation matrices, respec-
tively. The dispersion factor is §; =(ny +ny) (¢; + 2Nm)/
2(ng - ny) where ny and ny are the fast and slow refractive
indices and W; is the order of the jth plate. The orientation
angles 6; of the fast axes are measured positively for rotation
from the +x-axis towards the +y-axis as indicated in Fig. 1.

"An origin z =0 is defined to lie between the laser rod and
the polarizer P, (Fig. 1). A quasi-monochromatic Gaussian
model is adopted to describe the electric field (at z =0) as

Ein(f) = Eq exp [-(¢/7)*/2] cos wq t;
Iin(t) = Iy exp [~ (t/7)?] 4)

where the peak time averaged pulse intensity is [, = cE3 /87
and 27 is the full ™! pulse duration. The subscripts “in” and
“out” are understood to refer to the radiation entering and
leaving the OKEM, respectively. The SIER within the cell is
described by the intensity-dependent rotation matrix [7], [8]
N(ej)=exp [iI" +iBo] M(¢;),j=1,2 where the self-phase
modulation (SPM) factor is :
I'=(6n, +6n.) wolf2e
4872wl 1
=5 X3 (@, wo, wo, ~wo) Iy exp ~(1/1)* (S)
fipC
and the linear dispersion factor is B¢ = nowyllec where ng =
n{wo). The SIER angles -¢; = (8n4 - 8n-) wel/2¢ for the first
transit through the cell from R; to R, (j= 1) and for the re-
turn transit from R, to Ry (j=2) can be expressed as [8]
=P;J(t) where P; is the polarization factor P; = [I£,I?
IE IQ]IIED and J(t) is a dlmenslonless “mtenslty” J(t) =
Jo exp [-(¢/7)*] with

_4817 wol
0T 2 2

1221
X3 (wo, wo, wp, ~we) Ip.
npc ’

(6)
The circular electric field amplitudes are defined by E. =
27Y2(E, £iE,). The sense of ellipse rotation for STER may
be defined unambiguously as follows: for Re(x3??')>0,
the polarization ellipse will rotate in the same direction in
which the electric field vector rotates in time. It is assumed
that the nonlinear susceptibility tensor xs(wo, wq, wo, ~ws)
is strictly real so that SIER occurs in the absence of any self-
induced circular dichroism. Note also that relaxation effects
for the self-induced birefringence are assumed negligible (for a
pulse duration Z the orientational relaxation time of the Kerr
liquid, the amount of SIER will be significantly reduced [5]).

The amplitude transmittance for a single round-trip transit
through the OKEM is given by the matrix [8]
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Ty O
T=(-O“ 0)=PxR(-61,¢1)N(€2)R('92’¢2)

*DR(07, $2) N(e1) R(01, ¢1) Py (M
while two intermediate amplitude matrices
o3 0N
Tf=(( i ); j=1,2 ®)
(Tj)ay O

are defined as
Ty =R(®,,$1)P,, and T,
=R(‘ﬂz,¢2)DR(92,¢2)N(51)R_(91,¢‘1)P¥- ©

In terms of the matrices T;, which describe the polarization
ellipse entering the cell, the polarization factors are P;=
i) H(Ty)as - ()11 (T;)55]. The electric field emerging
from the OKEM is :

Ey1(£) = Re[T11 Eq exp - (¢/7)%/2 exp ~iwet]. (10)

The amplitude transmittance given by (7) eventually reduces
to [8]

Ty = exp [26T+ 2i(Bo +B; +62)] {[cos py cos ; cos A
- sin ¢, sin bz cos (0 + X))
+i[sin 26, sin ¢, sin (0 + Z)
- cos 20, cos ¢; sin ¢, cos (6 + X)

- cos 20, sin ¢ cos ¢, cos A}

(11)

However, for a single transit through the OKEM and for values
of Jo <5, the effects of SPM (T') and dispersion (I" and
Bo.B1,82) on the output pulse will generally be negligible.
Thus the instantaneous intensity transmission of the OKEM,
Ty = Iout(D/ i (2), is simply |y 17 and takes the form

T7(01,02,0:,0230)= 1~ cos® ¢, sin® A - [41 cos A
+A, sin(@ + Z)+A4, cos(@ + 2)]?
(12)

where 4, =sin 26, sin ¢y cos ¢y, A3 =cos 26, sin ¢, Az =
sin 20, cos ¢, sin ¢,, and where & =205 - 20,, A= €, ~ €,
and Z=¢, +¢,. The SIER angles are €; = P;J(¢f) and ¢, =
PyJ(t) where Py =sin 20, sin ¢;, and P, =-sin 26, sin ¢,
cos 2¢, - cos 28, sin (8 + 2€,) sin 2¢, - sin 20, cos (8 +2¢;)
cos ¢y sin 2¢,.

The OKEM transmission is thus described by the analytlcal
expression for Ty given in (12). However, this formula also
reveals that there exists a multitude of possible transmission
functions corresponding to the combinations of the four
independent parameters €4,6,,¢,, and ¢,. Fortunately,
a closer examination of the expression for T7(8,, 02, @1, ¢2;J)
leads to the discovery that in fact only three of the four
parameters are independent with the value of ¢; being the
redundant parameter. This finding is most clearly expressed
by the following theorem [8].

For 8,, 64, ¢, arbitrary, there exist 81, 65 such that
Ty(01,03,¢: =7/2,62;0)=T1(81, 02,1, ¢23J).
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As an immediate consequence of this theorem, the completely
general OKEM transmission may thus be rewritten in the
reduced form with ¢; = /2 as

T1(0,,02, ¢2;J)=1- cos® ¢, sin®> A- [4; cos A

.' +Aj sin (8 + £)]? '(13)

where now A; =sin 20, cos ¢;, A, =cos 20, sin ¢,, with
P, =sin 20, and P, = -sin 20, cos 2¢, - cos 26, sin (0 + 2¢,)
sin 2¢,. Thus, in practice, the most general OKEM can
be constructed by using a A/4 plate for R; and a vanable
retardance devlce forR,.

II. THE OKEM UsiNG Two QUARTER-WAVE PLATES

When the symmetry of the expression for T7(81,82, ¢2; /)
in (13) is accounted for, it is found necessary to vary 6, and
0, only over the range of 0 to /2 and ¢, over the range of
0 to « in order to calculate all possible transmission functions
for the OKEM. Specifically, the complete set of symmetry
relations are:

Ty(B1,02,9237) = (01 £ 7,65, 625J)
' =T!('91,92 T, ¢25J)
= T1(61,63,¢2 m J)
= T!(_gl) _62:¢2;J)
=Ty (01,0, +90°, m- @-‘2';1)-
=T7(-64,-0, +90°, 7~ ¢, J). (14)
The transmission cuives T = T7(Jo) were computed for Jo
from O to 3 in steps of 0.25 while varying the parameters
8, 0,5, and ¢, independently- in 5° increments over those
ranges listed above (13 357 curves in all). These transmission
curves were then individually examined to determine those ¢,
values which resulted in saturable absorber-like transmission
functions. It was found that such transmission curves occurred
only in the range 7/4 < ¢, < 3n/4, with the greatest_ frequency
of occurrence for ¢, values between 80° and 90°. In view of
this ﬁndmg and with an eye to keeping the OKEM a practical
device employing standard optical components, it was decided
to investigate in detail the OKEM using a ¢, value of A\/4 for
the second retarder R, .
With ¢, = /2, the OKEM intensity transmission function of
(13) for the peak intensity Jo simplifies to

Ty (Jo)=1- cos® 20, sin? (8 + 2J, sin 20,). (15)

The trgnsirﬁssioﬁ curves generated by (15) may be accurately
characterized by three parameters, namely the initial transmis-
sion

To=Tr(Jo =

the initial slope of the transmission function

0)=1- cos? 20, sin? @, (16)

DT;EE,‘% Tr (Jo)|. =-2cos? 20, sin 26, sin 20,

Jo=0

(17)
and a value of the intensity J;p at which T7 first reaches 100
percent,



(18)

Ir = 55038,

Alternatively, in closer analogy to a saturable absorber, one
may define a “‘saturation intensity” Jrg as

(1 - TI;’Z i/2
-0 + arcsin [ﬁ“ sin @
- 1o

2 sin 26,4

sﬁch that Tr(Jzg) = T‘{,‘ (this corresponds to a reduction in
the “absorption coefficient” by a factor of two). In terms of
the actual laser intensity, the absolute initial slope of the
intensity transmission is

d _ dJy

dfﬂ T(J 0) DT[ —

fa'=0 o

(19)

Jis =

x%”‘(wu,wo,wo,-wo)]- (20)

Fig. 2(d) shows the variation of the parameters: DTy, Jip,
and Jzg versus 6; for T, a constant and = 50 percent over that
range of & whete DT is positive. Similar curves are readily
calculated for other Ty values using (16)-(19) and are most
useful il practice since they allow a particular transmission
function with well-defined characteristics to be chosen with-
out actually having to compute the transmission curve from
(15). The maximum value of DT for a given value of T, is
simply 27To(1 - To)*?. Fig. 2(b) shows the dependence of
DTrlmax and DTy|max/To on Ty and will prove valuable in a
discussion to follow where the significance of DTy is made
clear by the experimental findings. It is noted at this point
that, in Fig. 2(a) and in the work td follow, the values of 6,
and 0, are taken to lie in the range [#/2, 7] . i

In many respects, a truer measure of the OKEM transmis-
sion is the net energy transmission derived by integrating with
respect to time the product 7i4(1)77(Jo, #) and dividing by the
net input pulse energy. For the OKEM employing two A4
plates and /;,(¢) given by (4), the net energy transmission is
given by

Te(Jo) = (wr? )12 f exp ~(t/1)? Ti(Jo, 1) dt (21)

where T;(Jo, 1) is given by (15) with Jo replaced by J(£).
The solution for Tg(J,) takes the form
Te(J3)=(1 - cos® 28, sin® )
- [cos? 20, cos 20] F, (2], sin 20,)
- 1 [cos® 20, sin 20] F,(2J, sin 26,) (22)

where the functions F; (x) and F3 (x) are given by

F,(x)=n"1? f exp -2 sin®*"*(nxe™ )dy; n=1,2.

. (23)
The values of F,(x) and F,(x) must be found numerically.
For | x| <35, a good approach is to expand the sin®™ term in
a power series and integrate term by term. For very large
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Fig. 2. (a) Variation of DTy, Jyp, and Jyg with 6, for 7g = 0.50.
(b) Variation of DTy| nax and DT | ax/Te with T.

C
Q .20

| x|, the more practical approach for the numerical integration
is to use a Hermite-Gaussian quadrature formula. It follows
immediately from (21) that Tp(J, =0)=T, and DTg =
dTg(Jy =0)/dJ, =DTy/2Y% . Analogous to the parameters
Jrp and Jyg for T3(J,), expressions for the peak transmission
and “saturation” intensities Jgp and Jgg for Tp(Jy) may be
derived [8] in terms of the functions F; and F, although in
practice it is simpler to determine Jgp and Jgs from the
calculated Tr(J,) transmission curves.

Table I lists the characteristics of 11 transmission curves
selected for study experimentally. The curves €, to C,, all
having T = 50 percent, are chosen such that the initidl slope
parameter DTy varies markedly from O to 0.7 while, for
example; the parameter J;p remains relatively constant in
comparison. The curves C; to Cy will be used to measure
experimentally the lasing threshold dependence upon DT7.
For illustration, Fig. 3(a) plots the transmission functions
Tr(Jo) and Tg(Jo) for the curve C;. The simple sin® be-
havior for T7(Jy) is a characteristic of the OKEM using two
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TABLE I
SeLectep OKEM Transmission Funcrions Ci 1o Ci
To Gl 92 6 Il'.T.‘I JIS JES _J_I_'-E_ 'JEP
¢, 0.50 106.10 13h.kL 56.6818 0.70 0.27T 0.394 0.928 1.122
02 0.50 109.10 1k1.17 64,1306 0.60 0.291 0,411 0.905 1.090
C3 0.50 110.40 1bh.9k 69.0827 0.50 0.313 0.440 0.923 1.108

¢, 0.50 111.30 148.23 73.8664
o 0.50 111.80 150.57 TT7.5369
Cg 0.50 112.20 153.08 81.7656

c 0.50 112.50 157.50 90.0000

Cg 0.90 114.40 128.75 2B8.6910

c 0.75 112.80 135.61 Uu45.6128

9
ClO 0.25 102.30 138.43 T72.2650
cll 0.10 97.h0 136.84 78.8836

0.40 0.34% 0.478 0.952 1.1k
0.30 0.369 0.511 0.981 1.1iT1
0.20 0.4%06 0.560 1.020 1.216

0.00 0.494 0.675 1.111 1.318

0.55 0.100 0.1k 0.333 0.406
0.70 0.172 0.248 0.557 0.676
0.40 0.445 0.618 1.515 1.817
0.18 0.686 0.940 2.695 3.220

o] 0.2 0.4 0.6 Q8 I L2 1.4 1.8

Jo
(a)
I.Ur
0.9~
[oX:}
Ti{g)
or
086
05 ;
0.0l . | 2
Jo
®)

Fig. 3. (a) OKEM transmission function Cy. (b) OKEM transmission
functions Cy and C5 versus log (Jg).

A4 plates; the net transmission Tg(J,), however, tends to be
a much smoother function of the intensity. Fig. 3(b)illustrates
the significance of the parameter DTy for small J, values by
plotting the transmission function Tj(J,) for the two curves
C, and C, versus log (Jy).

At this point it is worthwhile to establish the absolute
relationship between the parameter Jo and the laser intensity

I, for some OKE media. The experimentally determined
results of Owyoung [9] and Wang [10] when extrapolated
[11]-[13] to Ao = 1.06  give the values x322! ~34 X 1071
ESU in CS, and x3%%!=~20X 107" ESU in C¢HsNO,.
The electronic portion of x3%%! is given by [8] (1 + 12r3/
Tn5)"' where n} and nj are, respectively, the orientational
and electronic parts of the total nonlinear refractive index
ny =n3d +n5; in CS,, the electronic portion of x322* is [9]
=8 percent while in nitrobenzene this fraction is [13], [14]
=15 percent. With the above values for x422?', (6) yields

the results

iy

Jo= ——
800 MW/cm

in CS; s and

Jo in C4HsNO,. (24)

~ 0

1200 MW/cm
For comparison, the transmission of a saturable absorber may
be described by the transcendental equation [15]

In [To/T(o)] + Uollsy) [1- TLo)] =0 (25)

where, for example, the saturation intensity /g for both the
Kodak dyes 9740 and 9860 is [16] =50 MW/cm?. From (25),

d To(1- To)
dl, T(IO) 1,20 Isa‘: (26)
for a saturable dye, thus revealing that, for a given initial
transmission Ty, the initial slope parameter is a constant
along with Iy, This is in marked contrast to the case for
the OKEM whose transmission is described in (15)-(20).
This inflexibility of the saturable absorber’s transmission
characteristics forbids any modeling of the transmission
function which governs the Q-switching and mode-locking
process.

It is apparent that the output pulse emerging from the
OKEM, I,,(t) = Ty (Jo, 1)1in(t), will have a different temporal
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profile than that of the input pulse. For saturable-absorber-
like transmission functions such as those for curves C; to Cyy
in Table I, the output pulse will be compressed in time in com-
parison to f;,(f) when Jo <Jpp. In the region Jip <Jo <Jgp,
the wings of the pulse will experience a proportionally greater
transmission than the peak of the pulse although the net
change is still one of compression. If Jo >Jgp, however, the
overall output pulsewidth will exceed that of the input pulse
and, in the limit of Jy >>Jgp, the output pulse would be
expected to have pronounced substructure (it appears unlikely,
however, that such large values of J, can be realized in view of
the dependence of Tg(Jy) on intensity).

The remarks just given concerning pulse compression as well
as the transmission equations given in this paper apply only to
the “passive” OKEM in that they characterize the transmission
for a single transit through the OKEM of an input pulse having
a perfectly smooth Gaussian profile. The transmission func-
tions derived under these assumptions are essentially exact.
Numerous studies of SPM and self-steepening [17] have shown
that typically the pulse distortion produced by these mecha-
nisms (coupled with linear dispersion) is appreciable only for
values Jo = 5. As well, for a pulse with a reasonably smooth
spatial profile, it is always possible to obtain appreciable SIER
in a distance much less than the self-focusing length [4].
Furthermore, the self-focusing threshold is higher for elliptically
polarized light than for linearly polarized radiation of the same
intensity [10], [18]. Hence, since the maximum value of J,
one may expect to encounter for the OKEM transmissions
such as C; to Cy; isJy Z 4, the effects of SPM, self-steepening,
and self-focusing should be negligible for a single transit of a
temporally and spatially smooth optical pulse. However,
when the OKEM is used as an integral part within the laser
resonator, it is necessary to consider the effects of these various
nonlinear phenomena over a large number of consecutive
transits of the evolving laser pulse within the resonator. In
many respects, the distorting effects of a process such as SPM
are accumulative, leading to a gradual degradation of the laser
pulse [19]. For this reason, the only meaningful way to more
exactly determine the OKEM characteristics for very high
intensities is to consider this problem as but a part of the more
general study of the pulse evolution in a laser passively mode
locked with the OKEM.

IV. EXPERIMENTAL STUDIES OF THE OKEM
MoDE-LOCKED ND :GLASS LASER

A. The Laser Construction

A parametric study was undertaken of the performance of
an OKEM mode-locked Nd:glass laser of the form shown
schematically in Fig. 1. The laser resonator was formed by a
fully reflecting 5-m radius of curvature dielectric mirror
separated 1.2 m from a flat output mirror having a reflectivity
of either 0.5, 0.7, or 0.95. A9 X %-in Brewster-angled laser
rod was employed and an iris, situated between the laser rod
and polarizer, was used to limit transverse mode structure.
The polarizer P, was a thin film multilayer dielectric polarizer
with principal transmittances of 0.99 and 4 X 107 for a
single pass. The retardation plates were zero-order, quartz
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A/4 plates suitably mounted to permit rotation to any desired
orientation with an accuracy of 0.1°. The fast and slow axes
of the retarders were determined absolutely by calibrating
each against a Fresnel thomb. The cell containing the Kerr
liquid was a cylindrical piece of Teflon with an inner diameter
of 1 in and fitted with a threaded nylon stop and O ring. A
number of such cells were used which varied in length from
1 to 12 cm. The retarder faces, the second surface of Py,
and the outside faces of the Kerr cell windows were antire-
flection coated (r < 0.2 percent per surface). The laser rod
and polarizer P, were orientated such that the transmitting
axis of the OKEM corresponded to horizontal polarization.
In practice, either the horizontally polarized beam from the
laser output mirror or the predominantly vertically polarized
“rejected” beam from P, could serve as the laser output, the
latter being preferred when the reflectivity of the output
mirror was high and/or a very low T, value was used for the
OKEM.

B, Threshold Dependence for Mode Locking with the OKEM

The ability of the OKEM to passively @ switch and mode
lock the Nd:glass laser was investigated for a varety of very
different OKEM transmission functions and most systematically
for the curves C; to C,; of Table I. The Kerr liquids used
were carbon disulphide and nitrobenzene at room temperature.
For those transmission curves for which mode locking was
obtained, a characteristic invariably observed was the existence
of two distinct lasing thresholds [20]. A first lower threshold
corresponded to the laser operating in the free-running mode.
This output was similar [8] to that observed from a normal
free-running laser with the exception that the individual spikes
in the output showed a pronounced modulation, due to the
presence of the Kerr liquid within the laser resonator. As the
pumping level was increased, a second threshold was realized
at which @ switching and mode locking of the laser occurred.
Fig. 4 shows a typical Q-switched envelope and the train of
ultrashort pulses obtained from the Nd:glass oscillator pas-
sively mode locked with the OKEM using CS;. The ultra-
short pulse trains obtained from the glass laser mode locked
with the OKEM using C4HsNO, were essentially identical to
that shown in Fig. 4 although generally more energetic. The
transition from the free-running to the mode-locked regime
was unmistakable and dramatic, and generally represented
a sudden increase in the peak output power by a factor
of 2 10°.

While for certain transmission functions it was found that
the mode-locking threshold was only very slightly higher than
the free-running threshold, it was also observed that for certain
other transmission curves this second threshold was very much
larger than the free-running threshold. Furthermore, for some
of the transmission functions employed, no @ switching and
mode locking were observed despite extremely high pumping
levels. As more varied transmission curves were studied, it
became apparent that the ease with which mode locking was
obtainable depended critically upon the absolute initial slope
parameter given in (20). To study this dependence system-
atically, the two lasing thresholds were measured for the
transmission curves C; to €5 of Table 1 while keeping all
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(a) “,ﬂ_'\

(b)

Fig. 4. Q-switched and mode-locked output from the Nd:glass laser
with OKEM using the transmission function C; and /=6 cm CS,,
(2) Horizontal 500 ns/div.; vertical 0.50 mJ/div. (b) Horizontial 5
ns/div,; vertical 0.50 mJ/div.

other parameters in the laser constant. These seven transmis-
sion functions have equal initial transmissions of T = 0.50
and very similar values for J;p. The chief difference within
these cuirves are their radically different valués of DTy. The
results of these measurements are shown in Fig. 5(a). The
freerunning threshold, as expected, remains constant
while the threshold for Q switching and mode locking is seen
to incréase asymptotically as 1/DT7. The datain Fig. 5(a) have
been fitted by the equation
0.263

E,=0.738+

DT, * 27)

The relative lamp energy E, is defined as the lamp energy
divided by the measured mean free-running threshold lamp
energy. Referring to (20), it is noted that, as with DT, the
absolute initial slope varies linearly with the cell length 1.
Therefore, to independently \ferify the behavior described
by Fig. 5(a), the lasing threshold was remeasured for the
curve C; in Table I while varying / from 1 to 10 cm of CS,.
The results of these measurements are given in Fig. 5(b)
where once again the Q-switching and mode-locking threshold
is observed to vary asymptotically. The data in this figure
have been fitted by the equation

1.542 ¢cm

E,=0.815+ 7

(28)
Note that mode locking was obtained for a cell length as
short as 1 cm of CS, using the transmission function C;. It
is clear from these results that there does not exist any “critical
cell length” [5] for mode locking. To verify that (27) was
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(b)
Fig. 5. (a) Threshold energy dependence on the initial slope parameter

DTy, Free-running threshold (o), mode-locking threshold (e), =6
cm CS8;. (b) Threshold energy dependence of the cell length I. Free-
running threshold (o), mode-locking threshold (¢). OKEM transmission
curve Cy.

strictly valid despite the small variation in the value of Jp
for the curves C; to C;, the Q-switching and mode-1dcking
threshold was rémeasured as a function of DT; using an
alternate series of curves which were identical in all respects
to the curves C, to C; but which had consistently larger values
for Jip [these two sets of curves correspond to the two branches
of the DTy curve given in Fig. 2(a)]. To well within experi-
mental error limits, the results were identical to those shown in
Fig. 5(a), thus unambiguously confirming the correctness
of (27).

~ The implication of the results expressed by (27) and (28)
is that, in general, the threshold for Q switching and mode
locking varies as

E'thres = A +B[dTI/dIO‘Io=°] - (29)

where 4 and B are constants dependent upon the basic param-
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eters of the laser. From (20), this threshold dependence may
be expressed as

A

e D 30
1-DT; - X422 G0

Ethres ~
Further qualitative confirmation of this dependence was
offered by the observation that, for a given transmission
function and cell length, the threshold for mode locking with
CsHsNO, was slightly higher than that when using CS,.

Passive @ switching and mode locking of the Nd:glass laser
was also obtained using the transmission functions Cy to Cy;
of Table I. It was found that the functions Cjo and €y, with
low values of T, generally gave better reproducibility for the
laser output than the high initial transmission curves Cs and
Cy. No anomaly was observed in the increase in the pumping
level in changing from transmission curves such as C; (T = 50
percent) or Cq (T =75 percent) to a curve such as Cyy
(To = 10 percent). This is noteworthy in view of the behavior
described in Fig. 5(a) and the fact that DTy for Cy; has the
rélatively small value of 0.18. However some preliminary
work on a fluctuation model theory [21]-[24] of the OKEM
passively mode-locked laser has led to the finding that the
mode-ocking threshold should depend not only upon the
absolute initidl slope as in (29) but rather upon the combined
parameter dTHﬂo‘go 0 [To. This conclusion, if true, would
explain the relative ease in obtaining mode-locking operation
for curves such as Cy; despite a low DT value since, as Fig.
2(b) indicates, the combined parameter involving T, can be
large when T is small.

A qualitative explanation may be given of the mode-locking
threshold dependence described by Figs. 5(a) and 5(b) in
terms of the fluctuation theory of the passively mode-locked
laser [4], [21]-[24] and by referring in particular to Fig. 3(b).
The critical region [23] corresponding to the selection of a
single intense noise fluctuation is roughly that region centered
about Jo = 0.01 in Fig. 3(b) (typically /o = 1 MW/cm?). At
this point, the buildup of the noiselike intensity fluctuations
changes in nature from a linear process to a nonlinear, in-
tensity-dependent process, since, because of gain depletion
and the nonlinearity of the OKEM transmission, the net
round-trip laser gain becomes a function of the intensity.
Thus the lower intensity fluctuations gradually begin to suffer
a reduced net gain (eventually <1) since they experience a
fixed, nonincreasing OKEM transmission 7, while the
absolute gain in the laser rod isdecreasing. The higher intensity
fluctuations, however, begin to experience larger transmissions
through the OKEM with the result that, even though the gain
is depleting, the net gain coefficient for the higher intensity
pulses remains positive. The ideal mode-locking situation,
corresponding to a pumping level at or very slightly above
threshold, is such that there is just sufficient initial gain to
allow only the most intense fluctuation to survive and grow to
very large peak intensities (/o 2 1). At some point, all the
other lesser intensity noise fluctuations will induce an OKEM
transmission which is insufficient to ensure a net positive
round-trip gain coefficient and thus suffer a rapidly increasing
attenuation. For a transmission function such as C, in Fig.
3(b), this pulse-selection process begins at relatively low
intensities. Thus the average intensity of, and hence the net
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gain depletion produced by, the ensemble of intensity fluctua-
tions is also limited to relatively small values. Conversely,
however, for a transmission function such as C; which is
essentially flat at low intensities, the average intensity of the
fluctuations must grow to a relatively large value before the
nonlinear selection of a single fluctuation can occur. This
in turn implies the need for a large initial gain in order to be
able to amplify all of the large number of noise pulses up to
an average of J, ~ 0.1. Thus, from this description, one is
led to expect that obtaining O switching and mode locking
using a transmission curve such as C; should require a much
higher pumping level than that required when using a trans-
mission function such as C;. This expectation is confirmed
by the results described in Fig. 5. It is interesting to note that
a study of the reproducibility of the saturable absorber mode-
locked Nd:glass laser and its dependence on Ty revealed that
the reproducibility was best precisely over that range where the
initial slope parameter of the absorber, (26), is a maximum [25].

C. Pulsewidth and Spectral Meamremenrs

The pulsewidths of the OKEM mode-locked ultrashort
pulses were measured using the technique of OKE photography
[26]. The experimental arrangement employed was a varia-
tion of the transverse-grating focal-plane OKE shutter described
in detail elsewhere [8], [13], [27]. Since the pulsewidth
measurements were made using the entire mode-locked pulse
train, they rtepresent an integrated measurement over the
duration of the train. However, it is known that the duration
of the individual ultrashort pulses from a passively mode-
locked Nd:glass laser increase significantly during the @
switched pulse envelope [28]. Thus, the measured pulse-
width of =20 ps consistently observed for the OKEM using
CS; would imply pulsewidths at the beginning of the laser
train of a few picoseconds in duration. This is consistent with
the analysis offered by Laussade and Yariv [3] which predicts
minimum mode-locked pulsewidths =7, the orientational
relaxation time of the liquid used in mode locking (7o == 2 ps
in CS; [29]). The overall FWHM duration of =50 ps observed
for the OKEM using nitrobenzene would imply pulsewidths at
the beginning of the pulse train of =30-40 ps (7o in CsHsNO,
is =32 ps [30]).

Spectral measurements of the 1.06-u radiation were made
using a 0.75-m Czerny-Tumer spectrograph (with an instru-
ment dispersion of 10 A/mm) and Kodak unsensitized type
I-Z plates. The results are shown in Fig. 6 for the laser: 1)
free running, 2) mode locked with the Kodak saturable dye
9740, 3) mode locked with the OKEM using a 6-cm cell of
CS, and the curve C; of Table I, and, 4) mode locked using
the OKEM with a 10-cm cell of nitrobenzene and the same
transmission function. Although not shown, the spectral
width for the free-running laser with the OKEM was notice-
ably broader than the normal free-running laser, Fig. 6(a).
The spectra for the mode-locked laser all show an intense nar-
row line (1-6 A in correctly exposed plates) at the central
laser wavelength with a much weaker background extending to
higher and lower wavelengths. This background is the result of
SPM of the laser radiation. The symmetrical broadening for
the saturable dye mode-locked laser is due to the fast elec-
tronic Kerr effect in the laser rod itself. The pronounced
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Fig. 6. Spectra from the Nd:glasslaser. (a) Free running, Ao = 1.058 u.
(b) Mode locked with Kodak dye 9740. (c) OKEM mode locked
using CS,. (d) OKEM mode locked using CgHsNO,.

asymmetry of the spectra in Figs. 6(c) and (d) immediately
reveals that, for the OKEM mode-locked laser, the SPM is pre-
dominantly due to the presence of the Kerr liquid. An asym-
metric SPM spectrum favoring longer wavelengths is a charac-
teristic of media with a large orientational Kerr effect [17],
[18]. However, in order to make the SPM readily observable,
the spectra in Figs. 6(c) and (d) are grossly overexposed at the
central laser wavelength. From correctly exposed plates, the
spectral intensity ratio of the central line to the background
was estimated to be >150. Nevertheless, as for the saturable
dye mode-locked laser, the presence of SPM in the OKEM
mode-locked laser is expected to result in a broadening of the
ultrashort pulsewidth along the train.

923

V. DiscussioN

The principal features of the use of the OKEM to passively
Q switch and mode lock high-power lasers may be summarized
as follows.

1) The technique is characteristically simple. For the OKEM
employing two A /4 plates, the transmission is described by the
simple analytical expression given in (15).

2) The technique is versatile. The laser output properties
such as the duration and shape of the @-switched envelope and
the peak intensity may be readily changed by simply varying
the orientations of the retardation plates and/or varying the
length of the cell. As well, the OKEM is able to employ a
variety of different OKE media with radically different
relaxation times and nonlinear refractive indices.

3) Since the OKEM employs stable liquids such as CS,
and C4HsNO,, the transmission characteristics remain con-
stant with time and do not suffer the gradual degradation which
affects many saturable dyes. Consequently, mode locking
with the OKEM is characterized by excellent long- and short-
term stability and pulse reproducibility.

4) The OKEM mode-locking technique is a nonresonant,
nonfrequency-selective method. Thus the OKEM may be used
with any reasonable high-power laser and should find immediate
application for mode locking those lasers for which no fast
saturable absorber exists, a principal example being the high-
power iodine laser.

As with many saturable dye-switched lasers, the principal
undesirable effect in the performance of the OKEM mode-
locked laser is the persistence of SPM and its effect on the
temporal characteristics of the laser output. One approach
to overcoming the problems of SPM is to introduce some
passive ‘“‘saturable transmitter” element into the laser which
would limit the radiation buildup to relatively low powers
where transform-limited pulses are consistently observed
[28]. This may be accomplished by the incorporation of a
second OKEM within the resonator which exhibits a saturable
transmitterlike behavior [e.g., 0; =8, in (15)]. This power
limitation approach, however, compromises the basic advantage
of the Nd:glass laser to provide very-high-intensity ultrashort
pulses. A second approach to overcoming SPM problems lies
in designing a spectrally dispersive, high-finesse OKEM which
employs suitable multiple-order retarders in a way such that
the desired saturable absorberlike transmission exists only over
some controlled, narrow spectral range.
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