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The saturable absorption dynamics of DODCI in a femtosecond dye laser is studied
theoretically. The N-isomer and P-isomer photoisomerization dynamics is included.
The wavelength region between 570 nm and 650 nm is considered where the N-isomer
and P-isomer absorption dynamics changes from short-wavelength to long-
wavelength S,-S, excitation. The slow saturable absorber DODCI shortens a circulat-
ing pulse in a laser oscillator down to femtosecond duration if the gain medium
compensates the absorber losses. Fast local relaxation in the S, -state in the case of
short-wavelength excitation and fast level refilling in the Sj-state in the case of long-
wavelength excitation facilitate the pulse shortening and the background signal
suppression.

1. Introduction

The organic dye DODCI (3,3'-diethyloxadicarbocyanine iodide) [1, 2] is widely used
as a saturable absorber in passively mode-locked pulsed dye lasers [3, 4] and c.w. dye
lasers [5-8]. It is applied in the wavelength region between 574 nm [9] and 645nm [4].
Especially in a prism balanced colliding-pulse mode-locked rhodamine 6G ring dye laser
pulse durations down to 20 fs have been generated around 620 nm using DODCI as the
mode-locking dye {10, 11].

Laser excitation of DODCI leads to photoisomerization [2, 6]. The N-isomer mainly
present in the ground-state at thermal equilibrium [12] is partially transferred to the
P-isomer conformation [13, 14 and references therein]. For DODCI in ethylene glycol the
absorption peak of the N-isomer is at 585 nm and that of the P-isomer is at 620 nm [12].
In some papers [3. 11, 15, 16] the bleaching of the ground-state P-isomer absorption is
thought to be responsible for the picosecond and femtosecond pulse generation in passively
mode-locked rhodamine 6G dye lasers in the wavelength region above 600 nm.

In this paper a detailed numerical analysis of the saturable absorption dynamics of
DODCI in the wavelength region between 570 nm and 650 nm is given. The single transit
of a pulse through the absorber and the repetitive passage of a pulse circulating in an
oscillator are studied. The N-isomer-P-isomer photoisomerization dynamics is included
[13. 14]. In the long-wavelength absorption region the bleaching dynamics of the fraction
of molecules interacting with the laser light is considered [17, 18]. It is found that the slow
saturable absorber is able to shorten nanosecond Gaussian pulses down to femtosecond
pulses in multiple passages if the gain medium compensates the absorber losses. The fast
relaxation of the excited Franck-Condon level in the S, -state in the case of short-wavelength
excitation, and the fast spectral cross-relaxation in the S,-ground state in the case of
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long-wavelength excitation facilitate the pulse shortening and the background light
suppression.

2. Theory

The S, and S, potential energy diagrams of the N- and P-isomer conformations of DODCI
have been determined in [12, 13]. The relevant energy level diagrams for the saturable
absorption dynamics are displayed in Fig. 1. Depending on the laser wavelength 4; three
different situations occur: Case (a) for 4, < 598 nm all N- and P-molecules take part in the
absorption process (short-wavelength interaction). The molecules are excited to vibronic
Franck—-Condon states in the S, band. Case (b) for 598 nm < A, < 631 nm only a fraction
of thermally excited N-isomer molecules interacts with the laser light (long-wavelength
absorption) while all P-isomer molecules are involved in the absorption process (short-
wavelength interaction). Case (c) for 4, > 631 nm the long-wavelength absorption situation
applies to both the N- and P-isomers.

The rate equations for the three situations are given in the following. The trans-
formations ©' = t — nz/c,and z’ = z are used, where ¢ is the time, n the refractive index,
z the distance along the propagation direction, and ¢, the vacuum light velocity. The excited
state absorption and the absorption anisotropy are neglected (for inclusion see [17]).
Excited-state absorption of DODCI has been studied in [19].

For 4, < 598 nm (case a) the equations read
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Figure 1 S, and S, singlet level diagrams of N- and P-isomers of DODCI in ethylene glycol for description
of saturable absorption. (a) Short-wavelength S,-S, excitation of N- and P-isomers for 4, < 598 nm;
(b) Long-wavelength N-isomer excitation and short-wavelength P-isomer excitation for 598 nm < 4 < 631 nm;
(c) Long-wavelength S,-S, excitation of N- and P-isomers for i, > 631 nm.
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Ny(—©) = Nf(— ) = 0, Ny(— 0, z) = Ny, = ppN. N is the total number density
of dye molecules. pp, is the thermal population of P-isomers in the S,-ground state.
For 598 nm < A, < 631 nm (case b) the equations are
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441



A. Penzkofer. W. Biumler

given by

exp l:— h—(v—';(-a:sl):' for v, > v

1 forv, < v,

PN = (15)

where v,, is the electronic S,-S, transition frequency of the N-isomers, kj is the Boltzmann
constant, and 3 is the temperature. The level population N, includes N¥.
For 4, > 631 nm (case c) the equations are
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ppN, (' = — 0, z). The level populations N, include N¥ and N, include N}¥. p; is given by

h(vyy — VL)jl |
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pp = ka9 v (23)
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where v,; is the electronic S,-S, transition frequency of the P-isomers.

on and ogp are the ground-state absorption cross-sections of the interacting N- and
P-isomers. respectively. 7. is the relaxation time of the excited Franck-Condon states in
the S,-band. T, is the spectral cross-relaxation time (thermal redistribution) in the S,-band.
ky = t' and kp = 1, ' are the inverse fluorescence lifetimes of the N- and P-isomers,
respectively. The N- to P- (P- to N-) transfer rate in the ground-state is k%p(Apn). The
transfer rates from N to P and P to N in the S, -state are knp and kpy, respectively. The S,
to S, inter-isomer relaxation rates are k\p(N — P) and kpn(P = N).

The initial small signal transmission through a sample of length / is given by

T,, = exp(—o;NIl) (24)
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with
o, = (1 — ppuw)PnON + PpvPrOp (25)

The absorption bleaching may be characterized by saturation intensities. One has
to distinguish between the saturation intensity /5, of fast saturable absorbers (absorp-
tion recovery time t < pulse duration At ) and the saturation intensity I, of slow
saturable absorbers (t > At ). For three-level absorbers with fast intermediate excited level
the fast saturation intensity is [20] Iy = hv /o1, where ¢ is the absorption cross-section.
In analogy the slow saturation intensity is Ig, = hv;[oAt.. For the bleaching of the
N-isomers and P-isomers of DODCI the fast and slow saturation intensities are defined
by

I, = hvy [l’N(l — Pr.h) + PP.mPP] (26)
Pn(l = ppw) + PpumPr ONTN OpTp
and ‘
hvy [PN(I — Pp.n) Ppmpp]
I, = — + — 27
> Aty [pn(1 — ppw) + PrnpPr] oN Op

In the build-up process of femtosecond pulses in a passively mode-locked dye laser oscillator
the absorption dynamics of DODCI changes from fast saturable absorption of nanosecond
and subnanosecond pulses in an early stage of pulse development to slow saturable
absorption of picosecond and femtosecond pulses in a final stage of pulse development.

3. Dye parameters
Most parameters entering Equations 1 to 27 have been determined previously. The param-
eters independent of the laser wavelength are listed in Table 1. The absorption cross-
sections of the molecules interacting with the laser light are depicted in Fig. 2a [13]. It should
be noted that in the long-wavelength absorption region the absorption cross-sections are
equal to the stimulated emission cross-sections [17, 18].

The dye number density needed for a fixed small-signal initial transmission is

—-In(T,;)

N = o,/

(28)

TABLE 1 Parameters of DODCI in ethylene glycol at room
temperature (3 = 295K).

Parameter Value Ref.
ka(s™") 7.75 x 10 [13]
kp(s ') 7 x 10* [13]
Tre(s) 9.5 x 107" (21]
Ppn 0.029 (12]
Fa(em ') 16710 [13]
Palem ') 15840 [13]
Kp(s™") 15 [13. 22, 23)
G 465 [14]
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Figure 2 (a) Absorption cross-sections gy and o, of the N- and P-isomers interacting with laser light (from
[13, 14]). (b) Normalized number density of dye molecules needed for constant transmission versus
wavelength N(4)/N,,, = 7, .../0,(~), see Equations 25 and 28.

(see Equations 24 and 25). The total number density N is wavelength dependent. The ratio
N|/Npin = 0;ma/0; versus wavelength is plotted in Fig. 2b. N, occurs at A = 585 nm were
the effective initial absorption cross-section g; is maximal. For 4 2 600 nm. N rises strongly
because only molecules excited thermally contribute to the absorption.

Concerning the photoisomerization rates, only k¥, = k\p + kNp and kiy = kpn + kpy
are known [14] and depicted in Fig. 3 as a function of wavelength. The influence of the
isomerization path (S,-state N-P intraband isomerization or S,-state to S,-state N-P
interband isomerization) on the absorption dynamics is analysed below in Section 4.1.3.
The spectral cross-relaxation time T, in the S,-band is unknown. T is expected to be in the
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Figure 3 Photoisomerization transfer rates ky, for transition from S, -state N-isomer to P-isomer, and gy for
transition from S, -state P-isomer to N-isomer (from [14]).

picosecond region [24]. The dependence of the absorption dynamics on T; is studied below
in Section 4.1.1.

4. Simulations

For picosecond and femtosecond pulse generation DODCI in ethylene glycol is a slow
saturable absorber because the absorption recovery times of the N-isomer,
tn = k§' & 1.3ns, and the P-isomer, 1, = k;' = 1.4ns, are long compared to the laser
pulse durations.

For a single passage through the absorber the influences of the spectral cross-relaxation
time T;, of the Franck—-Condon relaxation time 7y, and of the photoisomerization path
are analysed. Additionally the difference in pulse shortening of nanosecond pulses (fast
saturable absorption) and picosecond pulses (slow saturable absorption) is studied. The
wavelength region between 570 nm and 650 nm is considered. In this region the N-isomer
and P-isomer absorption dynamics changes from short-wavelength absorption to
long-wavelength absorption (Fig. 1).

The pulse shortening action of the slow saturable absorber in many roundtrips is studied
where the amplifying medium only recovers the absorbed energy without any pulse shaping
action. The importance of a fast Franck—-Condon relaxation time tg¢ in the S,-state and
of a fast spectral cross-relaxation time T, in the ground-state on pulse shortening and
background signal suppression is analysed. '
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Figure 4 Small-signal probe pulse transmission at pump laser frequency for single passage through saturable
absorber. Pump pulse parameters are duration At, = 1ps, Gaussian shape, peak intensity /,, = 2 x 10°Wcm 2
and wavelength 4, = (a) 590 nm and (b) 640 nm. Dye parameters are taken from Figs 2 and 3 and Table 1
except T, and 1. The initial small-signal transmission is T, = 0.063. (a) Variation of 1. (level scheme of
Fig. 1a). The curves belong to t,c = (1) 100 ps, (2) 10ps, (3) 1 ps, (4) 0.3 ps and (5) <0.1 ps. (b) Variation
of T, (level scheme of Fig. 1c). The curves belong to 7, = (1) 100ps, (2) 10ps, (3) 1ps, (4) 0.3ps and
(5) <0.1 ps.

4.1. Single passage through absorber

4.1.1. Dependence on spectral cross-relaxation time

The influence of the spectral cross-relaxation time T, is studied for the experimental
situation of laser wavelength 4, = 640 nm, pulse duration Az, = 1ps and S,-state intra-
band photoisomerization where ki, = k\p and ki = kpy (level diagram of Fig. Ic). The

- single-pass small-signal transmission is set to 7, = 0.063. The input pulse shape is assumed

to be Gaussian, i.e. [, (') = I, exp[— (¢'[t,)*] with t, = At /[2(In 2)'?]. T, is varied.

The small-signal transmission versus time is displayed in Fig. 4b for an input peak pulse
intensity of I,, = 2 x 10°Wcm 2 The spectral cross-relaxation time T is varied. For
T, < tthe absorption recovery is enhanced by the finite spectral cross-relaxation time and
the background suppression is enforced (see below). In the case of T, < 0.1A¢, the absorber
behaves like a three-level system with fast intermediate state and the background suppression
action of T, is lost.

The time integrated transmission curves, Ty, = [~ I.(¢, )dr/{” I (¢, 0)dr, versus
input peak intensity /, are shown in Fig. 5b. Curve | applies to T;/Ar, = 10, curve 2
belongs to T,/At, = 1, and curve 3 is obtained for T;/Ar, < 0.1. For short spectral
cross-relaxation times the bleaching is reduced because of refilling the S,-state levels 1* and
4* within the laser pulse duration.
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Figure 5 Time-integrated transmission versus input peak intensity for single passage through saturable
absorber. Gaussian input pulse of 1 ps duration. Small signal-transmission 7, = 0.063. (a) Dye parameters
belong to 4, = 590 nm except ;¢ (1) =10ps, (2) =1ps and (3) <O0.1ps. (b) Dye parameters belong to
4 = 640nm except 7; (1) >10ps, (2) =1ps and (3) <0.1ps.

The pulse shortening ratio At /At versus input peak intensity is depicted in Fig. 6b.
The optimum pulse shortening intensity increases slightly for shorter spectral cross-relaxation
time values. The optimum shortening ratio is nearly independent of T;.

The pulse shape asymmetry At, /At_ of the transmitted pulses versus pump pulse peak
intensity is plotted in Fig. 7b. At is the half-width at half maximum HWHM of the trailing
part of the pulse, and Ar_ is the HWHM of the leading part of the pulse
(At_ow = At, + At_). For input peak intensities I, < 3Is,(ls, ~ 4.3 x 10*Wcm™?)
the trailing halfwidth is shorter than the rising half-width, for I, 2 3/, the trailing part
is broadened compared to the leading part, and at high intensities /,, > I, the trailing and
rising halfwidths become equal (A, /At =~ 1). The asymmetry behaviour depends slightly
on T;/At,.

The shift of the peak position 7, of the transmitted pulse versus input peak intensity is
shown in Fig. 8b. The shift is maximal around /,;, = 3/s,. The behaviour is similar for the
different T values.

4.1.2. Dependence on Franck-Condon relaxation time

The Franck-Condon relaxation tgc in the S,-state of DODCI in ethylene glycol is known
experimentally (g = 0.95 ps [21], see Table 1). In order to study the influence of t¢c on
the slow saturable absorption dynamics of DODCI, tgc is varied and influences on the
small-signal transmission T, (Fig. 4a) the time-integrated pump pulse transmission T
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Figure 6 Pulse shortening ratio versus input peak intensity for single passage through saturable absorber.
Same pulse and dye parameters as in Fig. 5.

(Fig. 5a), the pulse-shortening ratio At ,, /At, (Fig. 6a), the pulse asymmetry ratio At [At_
(Fig. 7a), and the temporal intensity peak position #,/t, (Fig. 8a) are illustrated. The
influence of tgc is similar to the influence of Tj.

4.1.3. Dependence on photoisomerization path

The curves in the Figs 4 to 8 have been calculated for the S,-band intra-isomerization path
‘wp = knp and kpy = kby. Practically the same curves are obtained for the S,-S, inter-
isomerization path k¥, = kNp and kiiy = kb (curves coincide within linewidth).

4.1.4. Dependence on laser wavelength

Across the wavelength region from 570 to 650 nm the absorption dynamics changes from
short-wavelength absorption of N- and P-isomers (Fig. 1a) via long-wavelength N-isomer
and short-wavelength P-isomer absorption (intermediate region, Fig. 1b) to long-wavelength
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Figure 7 Pulse asymmetry ratio At, /At_ versus input peak intensity for single passage through saturable
absorber. Same pulse and dye parameters as in Fig. 5.

N- and P-isomer absorption (Fig. 1c). Additionally the absorption cross-sections op and oy
(Fig. 2) and the photoisomerization rates kyp and kpy (Fig. 3) vary with wavelength.

The wavelength dependence of the slow saturable absorption of DODCI is shown in
Fig. 9 by the solid curves. The single passage of a Gaussian input pulse is considered. The
small-signal transmission is kept constant at 7, = 0.063, the input pulse duration is set to
At = lps, and the spectral cross-relaxation time is set to 73 = 1 ps. The other parameters
are listed in Table 1. Part 9a displays the optimum pulse shortening ratio A#%, /At; . The
temporal peak position £ of the transmitted pulse in the case of optimum pulse shortening
is shown in Fig. 9b. and the input peak intensity /5" for optimum pulse shortening is shown
in Fig. 9c.

The dash-dotted curve of Fig. 9a presents the optimum pulse shortening ratio in the case
of fast saturable absorption of DODCI. The input pulse duration is increased to
At, = 10ns while the other parameters are kept unchanged. For this example the single-
pass pulse shortening action in the fast saturable absorption regime is approximately a
factor of 1.03 more effective than in the slow absorption regime. The optimum input laser
intensity is lowered a factor of 1000 which is approximately the ratio of the saturation
intensities Is/Is(At, = 1ps). (Note that /s depends on the absorption recovery time and
I, on the pulse duration).

4.2. Repetitive transits through absorber
The pulse development in repetitive transits through DODCI in a laser oscillator is studied.
The initial pulse is assumed to have a Gaussian temporal profile. The influence of a constant
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Figure 8 Normalized temporal position of intensity peak of transmitted pulse. t;/t,. versus input peak intensity
for single passage through saturable absorber. Same pulse and dye parameters as in Fig. 5.

background level is tested. The resonator round-trip time is set to r; = 10ns. The gain
medium retains the pulse energy constant, i.e. [y, ;At, ; = const, where I, ; is the input
peak intensity and At | is the input pulse duration at the j-th transit through the absorber.
The pulse shaping action of the amplifying medium by the gain saturation [25-30] is not
included.

First the steady-state consequences of the photoisomerization dynamics are discussed,
then the continuing pulse shortening action of the slow saturable absorber in succeeding
transits is analysed and finally examples of the pulse development as a function of the
number of transits are given.

4.2.1. Influence of photoisomerization dynamics

The laser pulses passing through DODCI lead to an accumulation of P-isomers due to
photoisomerization [14]. The wavelength dependent maximum P-isomer mole fraction,
Xpmax = Nima/N. approached in repetitive excitation with intense light pulses is shown by
the dashed curve in Fig. 10a (redrawn from [14]). The P-isomer accumulation changes the
absorption coefficient from o, = (I — ppu)PnOn + PewpPrdp (Equation 25) to o =
(1 = XD max)PNON T+ XpmaxPpOp. The ratio ag/o; versus wavelength 4 is shown by the solid
curve in Fig. 10a. For 4 < 603.5nm pyoy is larger than ppo, (see Fig. 6a of [14]) and
therefore the P-isomer accumulation reduces the absorption ratio a,/a; and the optimum
pulse shortening effect is lowered (see below and Fig. 9a). Above 4 = 603.5nm pyoy is
lower than ppop and the absorption ratio «;/a; and the optimum pulse shortening effect
(Fig. 9a) are increased. The absorption ratio «/a; is highest at 620 nm. Above 640 nm o /a;
becomes equal to | because xp ., becomes equal to pp .
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Figure 9 Wavelength dependent pulse shortening. Gaussian input pulses of 1 ps duration. Initial small-signal
transmission 7,, = 0.063. Spectral cross-relaxation time 7, = 1ps. Franck-Condon relaxation time
¢ = 0.95ps. (a) Single-pass pulse shortening ratio At, ,,/At. . (b) Temporal position of intensity peak of
transmitted pulse. (c) Peak intensities for optimum pulse shortening. (——) optimum initial pulse shortening;
(- --) pulse shortening after maximum P-isomer accumulation for optimum initial intensity values. (- - - )
optimum final pulse shortening. The (—-—) curve in (a) illustrates the optimum initial pulse shortening for
At, = 10ns (fast saturable absorption). In this case t,/t, ~ 0.05 and /g ~ 106Wcm 2.

The characteristic isomerization time t;,, needed for effective accumulation of P-isomers
at the laser intensity /5, of initial optimum pulse shortening (solid curve in Fig. 9c) is shown
in Fig. 10b. 7, is given by

N4.max — N4.lh N(xg.max - pP.th)

Tio = o | = l 29)
Nite) = Now ™ = Nulta) — pral (
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Figure 10 Absorption change due to photoisomerization. (a) (——) curve represents ratio of absorption
coefficients. a, is steady state absorption coefficient due to maximum P-isomer accumulation. «; is absorption
coefficient of dye before laser excitation. (---) maximum possible P-isomer molefraction, x3 ... due to
photoisomerization (from [14]). (b) Characteristic build-up time, 7,,,, of P-isomer accumulation for repetitive
bleaching of saturable dye. Initial small-signal transmission 7, = 0.063. Initial input pulse duration is
At, = 1 ps. Peak pulse intensity is given by (—) curve in Fig. 9c.

where N, () is the population of the S,~P-isomer level after one round-trip. Equation 29
is obtained by calculating the first derivative of N,(t = jtg) = {ppn + (Xpmax — Ppan)
[I — exp(jtg/tix)]}N. For 4 < 600nm the N-isomer absorption dominates and causes
the fast P-isomer accumulation. Above 640nm no P-isomer accumulation occurs
(X} max = Pp.y)- Around 625 nm the time 7, needed for approaching the saturation P-isomer
accumulation is longest.

The change of the pulse shortening behaviour due to P-isomer accumulation is illustrated
in Fig. 9. The dashed curve of Fig. 9a belongs to the final situation of xj = xJ . and d
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Iy, = IY;. Below 607 nm the pulse shortening is less efficient because of reduced absorption
(Fig. 10a). Between 607 nm and 640 nm the pulse shortening is more efficient because of
increased absorption. The temporal peak position #, of the transmitted pulse is shown by
the dashed curve in Fig. 9b.

The P-isomer accumulation shifts the optimum input pulse intensity to I which is
shown by the dotted curve in Fig. 9c. The obtained pulse shortening at /7 is displayed by
the dotted curve in Fig. 9a, and the temporal peak position of the transmitted pulse is
shown by the dotted curve in Fig. 9b.

The curves in Fig. 9a indicate that the pulse shortening action of DODCI in a c.w.
mode-locked dye laser is highest in the wavelength region between 605 and 640 nm. It
should be noted that the shortest pulses of 20 fs were generated around 620 nm in a prism
balanced colliding pulse mode-locked CPM rhodamine 6G dye laser with DODCI/ethylene
glycol as saturable absorber [10, 11].

4.2.2. Continuous pulse shortening in repetitive transits

Three examples of the pulse development versus the number of transits are displayed in
Fig. 11. The initial pulses are assumed to be Gaussian of 1 ps duration. The solid curves
belong to an initial dye transmission T,; = 0.9 and the dashed and the dash-dotted curves
are calculated for T;; = 0.063. The dye parameters at A, = 620 nm are applied. T; = 1 ps
and tec = 0.95ps are used for the solid and dashed curves. The dash-dotted curves are
calculated for T; = 1z = 1ns. The pulses are reamplified after each absorber passage to
peak intensities of I, ; = 6 x I inthecaseof To; = 0.9andto I, ; = 8 x I5,inthecase
of Tp; = 0.063 (I, is inversely proportional to pulse duration, see Equation 26). The effect
of dye replacement in the absorber jet is taken into consideration by setting the N- and
P-isomer number densities after each round-trip to

. . .d— ot ot
MG + Die] = NiGte) === + NI = ppa) = (30)
and
. . d— oty vly
Nl + Dial = NoGjig) == + Nopa = 31

where d is the laser beam diameter and v is the flowing speed of the absorber (d = 7um
and v = 7ms~' are used in calculations).

Figure 11a shows the mole fraction of P-isomers xp ;. The limiting value X5 max 1S DOt
reached because of the absorber replacement in the fast flowing jet. The pulse durations are
displayed in Fig. 11b. For the first few round-trips the pulse shortening is strongest. The
pulse shortening ratio At ;, /At ; = Aty ;.. /At reduces with the number of transits but
it does not come to an end. (In real passively mode-locked c.w. dye lasers, the pulse
shortening is limited by the group velocity dispersion in the absorber and gain jet (7] and
the finite gain width of the active medium.)

Comparison of the dashed curve (T, = 1ps and 1gc = 0.95ps) and the dash-dotted
curve (T; = 1gc = | ns) of Fig. 11b indicates that the fast Franck-Condon relaxation 7y
in the S, -state and the fast spectral-cross-relaxation T in the S,-ground-state facilitate the
pulse-shortening (partial fast absorption recovery).

The time position of the peak intensity of the circulating pulse fp ; is displayed in Fig. 1 lc.
It shifts continuously to the trailing part with the number of transits. The pulse asymmetry
ratio (Ar, /At ), increases with the number of round-trips as is shown in Fig. 11d.
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Figure 11 Pulse development in multiple transits through saturable absorber. Initial pulse has Gaussian shape
and 1 ps duration. Dye parameters belong to 4, = 620 nm with 7; = 1 ps (1 = 0.95ps). (—) curves are
calculated for 7, = 0.9 and /, ; = 6/5,(At, ;). (---) are calculated for T,, = 0.063 and /o ; = 8/5,(At ;).
The absorber jet parameters are flowing speed v = 7ms ' and laser spot size d = 7 um. The (—-—) curves
are calculated for the same parameters as the (- - -) curves except 7, = t,c = 1ns. (a) Mole fraction of
P-isomers xp ;- (b) Pulse duration At, ;. (c) Temporal position of intensity maximum ¢, ;. (d) Pulse asymmetry
(At, /At ),.

The continuing pulse shortening of a Gaussian pulse by repetitive passage through a
slow saturable absorber has its origin in the absorption of the leading part shifting the
pulse peak position more and more to the trailing edge where the wings become steeper
and steeper. The situation is illustrated by the solid curves in Fig. 12a where a Gaussian
pulse /(1) = I, exp(—r}/t}) is displayed out to t/t, = 5.5. The time increments d¢,,(f)
needed to reduce the intensity to half its value at position ¢ normalized to the time
increment 6¢,,,(0) are shown by the dashed curve. The curve is determined by the relation
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Figure 12 lllustration of repetitive pulse shortening action of slow saturable absorber. (a) (——) shows input
Gaussian puise shape; (- - -) normalized time increment dt, , (t)/dt,,, (0) where dt,,, (t) is time increment at
t needed to reduce envelope value of Gaussian puise by a factor of two; (b) (——) curves show shapes of
pulses belonging to (- - -) curves of Fig. 11 after (1) 10 transits and (2) 60 transits. (- - -) show shapes of
puises belonging to (—-—) curves of Fig. 11 after (1) 10 transits, (2) 60 transits and (3) 100 transits.

exp[—(r + 01,5)*/t5] =0.5 exp(— £*/£;) leading to Jt,,(0) = [—In(0.5)]'"1, and 81,,(¢) =
[ — In(0.5);]"* — ¢. For t/t, = 10 the time increment is given approximately by
3t,~() = —1n(0.5)1;/2¢ and the ratio becomes

For large numbers of passage j (see Fig. 11) the shift of the intensity peak position becomes
proportional to j and the pulse duration becomes proportional to j ' due to this shift. The
peak intensity of optimum pulse shoftening rises proportional to j(/s, oc Ar').
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Figure 13 lllustration of asymptotic pulse development in slow saturable absorber. Initial input pulse has
Gaussian shape of 100 ps duration. The dye parameters belong to 4, = 620nm, 7, = 1 ps, 7,c = 0.95 ps, and
To, = 0.9. The jet parameters are v = 7ms”' and d = 7 um. The curves are calculated up to 700 transits and
then extrapolated. The peak pulse intensity is recovered after each transit according to /o ; = 6/5,(At;).

In Fig. 12b the pulse shapes after (1) 10, (2) 60 and (3) 100 transits are displayed for an
initial pulse duration of |ps and a small-signal transmission of T, = 0.063. The dye
parameters belong to DODCI at 620 nm. The dashed curves belong to T; = 7gc = 1ns.
The decaying shapes agree reasonably well with the shapes of Fig. 12a. The solid curves are
calculated for T, = 1 ps and tc = 0.95 ps. The enhanced pulse shortening and the steepening
of the pulse shapes due to the partial fast absorption recovery are clearly seen.

The pulse development in many round trips for an initial Gaussian pulse of 100 ps
duration and an initial small-signal transmission of T,; = 0.9 is illustrated in Fig. 13. The
laser wavelength is set to 620 nm with 7, = | psand tc = 0.95 ps. The laser peak intensity
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Figure 14 Influence of background level on pulse development. Initial input pulse shape is shown by
(—) curves. The dye parameters belong to 4, = 620nm and /, ; = 6/5,(At;). (a) T,; = 0.063. (---)
curves: 7; = 1ps and 1, = 0.95ps. (1) 20 transits and (2) 40 transits. (- --) curve: T; = 7,c = 1ns,
6 transits; (b) 7,, = 0.9. (———) curve: T, = 1ps, 1, = 0.95ps, 200 transits.

is fixed to /y ; = 6[,. The curves are calculated up to 700 transits and then extrapolated.
For these realistic data of a CPM dye laser the saturable absorber DODCI shortens the
pulses from 100 ps to 40 fs in approximately 0.02s. Here the pulse shaping action of the
amplifying dye medium due to gain saturation is not included. Only the pulse energy is kept
constant. The laser pulse intensity increases inversely proportional to the shortening. The
peak laser intensity needed to start the mode-locking actionis [y, ~ Is;(x2 x 10°Wcm 2
at 4, = 620 nm). This intensity is reached by focusing of the c.w. laser radiation in the
absorber cavity. The pulse shortening is accompanied by a continuous shift of the temporal
intensity peak position.

457




A. Penzkofer, W. Baumler

The influence of background intensity on the pulse shortening action in multiple transits
is illustrated in Fig. 14a and b. The solid curves represent the initial pulse shapes with
Aty ; = 1ps. The dashed curves belong to T; = 1ps, tec = 0.95ps, I.; = 6 x I,
T,; = 0.9 (a) and 0.063 (b). The other dye parameters apply to 4, = 620nm. The con-
tinuous reduction of the back-ground level is due to the partial fast absorption recovery of
DODCI. The short-dashed curve in Fig. 14a shows the situation for 7; = tzc = 1 ns. The
other parameters are unchanged. The background suppression is lost (see curves 1 in Fig. 4)
and. as the leading part of the circulating pulse is absorbed, the background signal becomes
dominant and strong pulse broadening results.

5. Conclusions
The saturable absorption dynamics of DODCI in the wavelength region between 570 and
650nm in single passages and in repetitive transits has been studied numerically. The
photoisomerization dynamics of the N- and P-isomers in the multiple transits leads to an
enhanced pulse shortening around 620 nm and to reduced pulse shortening around 590 nm.
The slow saturable absorber (slow S,-S,-relaxation) shortens continuously the pulses when
the absorption losses are compensated by pulse amplification in a gain medium. The fast
Franck-Condon relaxation in the S,-state in the case of short-wavelength excitation and
the fast spectral cross-relaxation in the S,-state in the case of long-wavelength excitation
enhance the pulse shortening and are crucial for the background signal suppression.
Here only the pulse shortening action of the saturable absorber was studied. The
concerted pulse shaping of the saturable absorber (leading edge absorption) and the
gain medium (leading edge amplification) [25-31] in real CPM dye lasers will be studied
elsewhere [32].
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