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We consider the role of the pump pulse in the output of a synchronously pumped mode-locked dye laser. Our
theoretical formalism is a nonlinear dynamical model that includes semiclassical effects, dipole orientation, and
intraband relaxation. In particular, we study the shortening of the output pulse with decreasing pump pulse length
and increasing pump level. Both of these predictions agree with experiments.

1. INTRODUCTION

The synchronously pumped mode-locked (SPML) dye laser
has benefited repeatedly during its 20-year history from
improved pump sources. The SPML concept was first dem-
onstrated in 1968, when pulsed pump sources were used!-3;
however, the technique remained of limited practical value
until cw mode-locked pump sources were exploited.*® Re-
cently there have again been significant improvements in
available pump sources for SPML dye lasers; notable is the
fiber-grating compressed Nd:YAG laser, which can deliver
subpicosecond pulses.® When puises from these laser sys-
tems are doubled and used for synchronous pumping of
organic dye lasers, tunable pulses of 200-300 fsec are ob-
tained directly from the SPML laser.”8 The purpose of this
paper is to support these ongoing technological improve-
ments in SPML pump sources with a sound theoretical dis-
cussion of the role of the pump pulse in SPML dye lasers.
Our numerical results are in good agreement with the recent
experiments but suggest that only limited further improve-
ments may be possible.

The theoretical understanding of SPML lasers has ad-
vanced on both the analytic and the numerical levels. Be-
cause of the stringent approximations imposed in the ana-
lytic theory, the two approaches are perhaps best considered
distinct, at least in their goals. The analytic work has
evolved from the self-consistent pulse picture of Kuizenga
and Siegman?® and of Haus,!? and specific application of this
formalism to SPML systems has been considered by Frigo et
al.,'* Ausschnitt et al.,!2 and Kim et al.l3 These studies
have provided closed-form, approximate expressions for the
output-pulse characteristics as functions of cavity detuning,
system gain, and several dye parameters. More rigorous
numerical modeling of SPML dye lasers has been undertak-
en by many groups,!4-2%5 since only this technique facilitates
the study of transient effects and specific pulse-shape infor-
mation. The numerical models also have the advantage
that their framework can easily support the study of random
noise'sources, such as spontaneous emission, which can lead
to profound effects at large cavity mismatches far from the
optimum cavity length.2021 Much of this computational
work has been done in the rate-equation limit; however,
semiclassical effects have been shown to be significant in the
steady-state pulse shape.21-25 '
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An important point of study for nearly all these references
has been the dependence of the SPML laser output on the
cavity length mismatch between the pump laser and the
SPML laser since this is a strong and sensitive test of a
candidate theory and is of great practical import. A band-
width-limiting tuning element is found in most practical
systems, and the effects of these filters have been well con-
sidered.11-13.16202L25  On the other hand, only cursory atten-
tion has been paid to the adjustable parameters associated
with the pump source. The analysis of Ausschnitt et al.
predicts that at zero mismatch the SPML pulse width varies
as the square root of the pump pulse width.!2 Kim et al., in
an analysis under slightly different conditions, show that the
leading term of the SPML pulse width goes as the cube root
of the pump pulse width.!3 Both of these findings were
highly approximate, and there has been no rigorous numeri-
cal study detailing pump pulse effects in SPML lasers.

In this paper we explicitly consider the role of the pump
pulse in the output of a SPML dye laser by numerically
modeling the Rhodamine 6G laser under different pumping
conditions. In Section 2 we review the theoretical model
developed in Ref. 24. This nonlinear dyhamical model in-
cludes semiclassical effects, dipole orientational effects, and
intraband relaxation. The results of our calculations are
then présented in Section 3. In particular, we find a short-
ening of the output pulse with decreasing pump pulse length
or increasing pump pulse level. The effect of pump pulse
width is compared with the experiments of Refs. 7 and 8, and
the effect of pumping le‘vel is tested with our own data. Our
theory agrees quantitatively with available experimental
data, and we also present results from regimes outside the
realm of current experimental interest. In Section 4 we
reduce our model to the rate equation limit and discuss the
importance of coherence effects in ultrashort-pulse laser
modeling. We present a summary in Section 5 and also
consider the possibility of further enhancements in SPML
lasers.

2. THEORY

Our starting point is the semiclassical dye-laser amplifier
model developed in Ref. 24. Beginning with the density
matrix equations and Maxwell’s equations, that paper de-
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rived a set of ordinary, nonlinear differential equations that
govern the interplay of the electric field with the molecular
populations and the polarization. When the electric field is
normalized to its steady-state gain saturating value, this set
of equations may be written as

AD/dt = =1/75[(1 + 79/27)D + (1 — 7/27 )M

+ 2QA%x — Px?, 1)
dM/dt = —1/ry[—(75/27)D + (ro/27)M — Px?],  (2)
dQ/dt = -1/T,(Q — ADx), 3)
dA/dt = —L/2t AL( f Qxdx)- @)

InEgs. (1)-(4),Disa normalized population difference, M is
anormalized population sum, @ is a normalized polarization,
and A is a normalized electric field. The dye decay time
from the S; band to the Sp band is 79, and 71 is the lower
manifold intraband vibrational relaxation time. T is the
seémiclassical coherence time. In our modeling of the Rho-
damine 6G laser, 71 = 1 psec, 72 = 5 nsec, and T = 50 fsec.
The dynamical rate constant associated with the field is
composed of the cavity length L, the cavity lifetime ., and
the optical length mismatch AL between the pump-laser
cavity and that of the dye laser. In this work, L =1.8m, ¢, =
10 nsec, and AL is kept in the 0-30-um range that gives the
shortest output pulses. This model is also general enough to
include explicitly the orientation of the molecular dipoles, x
= cos 0, and, in particular, we have chosen an isotropic
molecular distribution. Thus Eqgs. (1)—(3) refer specifically
to only one orientational class. The individual classes con-
tribute to the field through the integral over x in Eq. (4).
Properly accounting for the different classes is important in
accurately establishing the pumping threshold level; mis-
aligned electric dipoles represent an ensemble inefficiency.
Orientational effects also manifest themselves i m the specific
output pulse shape, partxcularly at small AL’s.2

Of specific interest in this paper is the normahzed pump
function P(¢), and for most of this work a Gaussian shape
was chosen:

P(t) = Py(2/A7)(In 2/7)"/2 exp[—(2t/A7)? In 2. (5)

Importantly from the point of view of this paper, the pump
represents two additional control parameters, the pump
pulse width A7 and the pump level Py, with which the dye-
laser output may be optimized..

Tt was demonstrated in Ref. 24 that this set of equations
adequately describes the pulse shapes for typical SPML
dye-laser systems in operation at the time. The main point
of comparison in Ref. 24 was the sensitive behavior of the
satellite pulses as a function of AL, and care was taken to
match the experimentally measured autocorrelations with
numerically calculated autocorrelations. Missing from our
set is a description of the bandwidth-limiting filter with
which the operating wavelength is tuned, and it is pos51b1e
that the agreement between our theory and the expenments
below might be improved if the effects of such a filter were
explicitly included in our modeling. In Section 3 we present
the results of our study, focusing on the importance of A7
and P, and emphasizing systems of current experimental
interest.
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3. RESULTS

Equations (1)—(4) were numerically solved on a Sim work-
station minicomputer, using a standard Runge-Kutta rou-
tine for the time integration and a Simpson routine for the
integral over the dipole orientation. The individual pulse
dynamics has, in general, been reported on extensively,'4-2
and for this study we are more concerned with the trends
associated with various pertinent output pulse parameters
as either the pump level or the pump pulse width is varied.
In particular we concentrate on the full width at half-maxi-
mum (FWHM) pulse width ¢,, the peak intensity Ipk, and
the time Ty at which the peak of the output pulse occurs.
Tpx is measured with respect to the Gaussian pump pulse,

12

dl = 30um
(m] Experiment

{psec) .
®

20

t
P

o
T
1

10

SPML Pulse Width
-
1

0 . L — L L '
0 2 4 6 8 10
Threshold Parameter r

(@

30 pm

(psec)
w
T
1

20

p

S
1
1

w
T
1

10

0 2 4 6 8 10

SPML Pulse Width

Threshold Parameter r
(b)

Fig.1. SPML pulse width ¢, as a function of the threshold parame-
ter r at various detunings for pump pulses of (a) A7 = 100 psec and
(b) A7 = 10 psec. The squares in (a) are experimental data points.
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Fig. 2. SPML peak intensity Iy as a function of the threshold
parameter r at detunings of 10 and 30 um for pump pulses of (a) Ar
= 100 psec and (b) A7 = 10 psec. Noteworthy is the order-of-
magnitude difference in scale between (a) and (b) and the different
detuning necessary for optimum peak intensity.

which is centered at zero, and it should therefore be noted
that when the dye-laser pulse occurs in the first half of the
pumping process, Ty is negative. ' .

In keeping with our own SPML system, an argon-ion-
pumped Rhodamine dye laser, and the more recently devel-
oped systems in Ref. 8, we studied the effects of the pump
level on ty, Ik, and Tk for pump pulse widths of 100 and 10
psec. The pump level is given here in units of the threshold
parameter r, which is the pump level divided by the thresh-
old pump level. Hence r = 1 corresponds to the minimum
value for lasing.

Figure 1 shows a rapidly decreasing tpasrincreases from 1

D. L. MacFarlane and L. W. Casperson

to3. Valuesof r = 5 or higher represent a practically unreal-
izable region, but increases in r beyond values near 4 result
invery small decreases in ¢,. The different contours in Figs.
1(a) and 1(b) correspond to different cavity detunings. The
data pdints in Fig. 1(a) were measured using our commer-
cially available Spectra-Physics argon-ion-Rhodamine 6G
dye-laser system. In these experiments, the threshold pa-
rameter was varied by linearly attenuating the argon pump
beam and was measured as the ratio of the average power of
the data point to the average power that just extinguished
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F:i‘g. 3. Delay time Ty of the peak SPML output pulse as a func-
tion of the threshold parameter r at detunings of 10 and 80 zm for

pump pulses of (a) Ar = 100 psec and (b) At = 10 psec. The value of
r for Tpy = 0 is much higher for the 10-psec pulse.
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Fig.4. SPML output pulse width versus A7 at a cavity detuning of
10 pm and for r = 1.3, 1.5, 2.0, and 3.0. Superimposed upon this plot
are data points taken from Ref. 7. These are represented by trian-
gles. The rectangles on the graph denote data from Ref. 8.

the laser. The dye-laser pulse width was measured using a
Spectra-Physics 409 autocorrelator at the cavity length that
gave the optimum, shortest pulse, which, as suggested by the
theory, is ~5 pm.

In Figs. 2(a) and 2(b) are plots of I versus r for A7 = 100
psec and Ar = 10 psec, respectively. Noteworthy is the
sharp increase in Iy as r increases from 1 to 8. The scale in
Fig. 2(b) is 10 times greater than in Fig. 2(a). Asr increases
for a given Ar the output pulse occurs sooner, as shown in
Fig. 3. The zero crossing for Ty occurs near r = 3 for Ar =
100 psec and between r = 4 and r = 8 for Ar = 10 psec.

Of perhaps more interest is the variation in 5, Iy, and Tk
as functions of Ar. Figure 4 is a semilog plot of ¢, versus A7
for various values of r and AL. Superimposed upon the
calculated curves are data taken from Refs. 7 and 8. While
this graph shows significant improvement in pulse width
when Ar decreases from 100 to 1 psec, there is no significant
improvement on further shortening, even to 1 fsec. When
the midrange values (A7 = 500 to 1 psec) are fitted to the
relation

t, = BATY, 6

an a of ~2/5 is typically calculated. This is in fair agree-
ment with the 1/2 value derived by Ausschnitt et al. in Ref.
12 and the 1/3 value derived by Kim et al. in Ref. 13.

Figure 5 shows the character of Ipy as At is shortened. Of
practical interest is the large increase in peak intensity pre-
dicted if r is increased to 3 times above threshold and Ar is
decreased to 1 psec, but no improvement in I, occurs when
A7 is shortened further. The pump pulse delay Tpi as a
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function of Ar is shown in Fig. 6 for several values of r and
AL. Ttisnoteworthy that each curve approaches a constant,
Tox = 2.5 psec, for Ar’s shorter than a few picoseconds.
Thus, for subpicosecond pump pulses, the dye-laser pulse
arrives after the completion of the pump.

This limit where the pulse width t,, the peak intensity I,
and the pulse peak time T,k become insensitive to further
decreases in A7 is clearly the delta-function limit. For the
cases chosen here, this limit is approximately Ar = 1 psec.

It is of interest also to study pulse shaping as a function of
pump pulse length, and plots of calculated output pulses for
fixed r = 8 and AL = 10 um are shown in Figs. 7(a), 7(b), and
7(c) for A7 = 100, 10, and 1 psec, respectively. Importantly,
the satellite pulses diminish as Ar decreases. This is not
surprising since the cause of the satellite pulses is principally
a surplus of gain delivered by the pump pulse after the
primary output pulse is formed.2* Near the delta-function
limit, all the gain is delivered before dye-laser action starts,
and only one pulse is formed. We note that the published
autocorrelation in Ref. 8 shows no satellite pulse for Ar = 3.5
psec.

Our results so far have been limited to a symmetric Gauss-
ian pump pulse. If one allows for asymmetric pulse shapes,
then the rise time and the fall time become decoupled from
the pulse width and thus potentially become additional opti-
mization parameters. To test, in particular, the cases of a
short rise or fall time with a relatively long pulse time, we
used a trapezoidal pump pulse of the form

Vol. 6, No. 3/March 1989/J. Opt. Soc. Am. B 297

After it was verified that the discontinuous nature of this
simple shape did not significantly effect the output, a wide
range of runs was done with different rise times and fall
times. Although it might be plausible to expect that for a
given A7 a shorter rise time would result in a shorter output
pulse, we found no trend to support this. Further, in some
instances, a shorter rise time resulted in a longer ¢, a result
that in some cases implies that the complicated switching
dynamics of a SPML laser depends as much on when the
pump pulse turns off as on how fast the energy is delivered.
Also of importance is the integrating nature of the gain
medium, which comes from its finite response time. Simply
put, there are regimes of operation in which the integral of
the pump is more important to the output than the form of
the pump itself. Consequently it might be only in rare
instances that engineered pump pulse shaping becomes im-
portant, particularly if this comes at the expense of pump
level and overall pump pulse width.

4. COHERENCE EFFECTS

An important distinction of the model used here and derived
in Ref. 24 is its inclusion of semiclassical effects or, more
specifically, in its consideration of a finite coherence time, T’
= 50 fsec. At this value it is reasonable to expect coherence
effects to become more pronounced as the system dynamics
become faster or, in light of the above results, at high r or
small Ar. To test, in general, the importance of coherence
effects, several representative runs were taken in the rate-
equation limit, Ty = 0, for various A7’s. The pertinent
equations come from the adiabatic elimination of the polar-
ization @ from Egs. (1)-(4) and are

dD/dt = —~1/ro[(1 + 7o/27)D + (1 — 7o/27 )M
+ 2A2Dx? — Px?, 8

P(t)=0 t<0
= P,t/ArT, 0<t=<T
= Py/At T,St=<T,
= (Py/ATN Ty — t)/(T3— Ty To<t=Ts
=0 0<t (7

for an extensive series of runs. Here T is the total rise time,
(T3 — T) is the total fall time, and A7 = (T5 + Te — T1)/21s
the FWHM pulse length.

30

AM/dt = —1/7,[—(74/27)D + (5/27 )M — Px?], (9)

dA/de = —L/ZtCAL<A - f ADx2dx>- (10)
0
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Fig.8. The error int, and I that occurs in the rate equatf(:rl— limit as a function of the pump pulse width A7, shown here forr = 2.0 and AL =
10 um. The error is defined here as the difference between the semiclassical value and the rate equation value, normalized to the semiclassical

value. For example, the rate equation error in tp is (¢p,,

— tp)/tp, Although the error is small in magnitude, it is a nontrivial function of Ar.
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Fig.9. Contours of constant ¢, plotted in r and Ar space. The SPML pulse width ¢, decreases as either r increases or Ar decreases but only

with diminishing returns.

It was shown in Ref. 24 that coherence effects manifest
themselves most significantly in the behavior of the satellite
pulses for small detunings. Physically, a finite coherence
time implies that the polarization depends on past states of
the field, and therefore in the SPML laser case we are, when
we include semiclassical effects, carefully modeling the evo-
lution of a trailing satellite pulse as it is acted on by a
molecular ensemble dressed by an intense primary pulse.
However, we saw above that near the delta-function limit no
satellite pulses are formed, and so semiclassical effects in
SPML lasers, in one sense, become less important as A7 is
decreased.

A finite coherence time also limits how fast the gain can
react, and consequently semiclassical effects also manifest
themselves measurably in the character of the primary pulse
at all A7’s considered. Because of this additional lag, the
pulse width ¢, calculated by using semiclassical effects is
always longer than those calculated in the rate-equation
limit. Forlonger A7’s the calculated peak intensity is higher
when semiclassical effects are included, but for shorter Ar’s
the opposite is true. As is shown in Fig. 8, the rate-equation
error in these two quantities, although it is only approxi-
mately 20% on average, is not a simple function of Ar. The
additional delay induced by a nonzero T, also implies that
Tpk occurs much later in a semiclassical model than in the
rate-equation case. For example, atr =2.0and AL = 10 um,
Tyk in the delta-function limit is 1.5 psec for the rate-equa-
tion calculations and 2.5 psec for the semiclassical theory.

5. CONCLUSIONS

In this paper we have studied the role of the pump pulse in
the output of a SPML Rhodamine 6G dye laser. In particu-
lar we focused on two key parameters associated with a
Gaussian pump: its width, A7, and its level with respect to
threshold, r. Our results for ¢,, the output pulse width, can
be summarized in the contour plot of Fig. 9, where lines of
constant ¢, are plotted against r and Ar. Asr increases and
At decreases, tp gets shorter. The increase in spacing be-
tween adjacent curves in the upper right-hand corner repre-
sents a case of diminishing returns. For the Rhodamine 6G

laser, state-of-the-art technology is already near this regime,
and further shortening of pulses from Rhodamine lasers will
most likely come from additional system elements, such as
intracavity saturable absorbers and external-cavity fiber—
grating compressors. On the other hand, we believe that the
trends predicted in this paper are general enough to be
representative of most SPML systems. Consequently one
might expect improvements from SPML lasers operating at
different wavelengths as their pump sources mature.
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