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Analysis of Passively)-Switched Lasers With
Simultaneous Modelocking

Yung-Fu Chen, Jian-Lung Lee, Hung-Dau Hsieh, and Sheng-Wei Tsai

Abstract—Simultaneous Q-switching and modelocking in a Mi M2
diode-pumped Nd:YAG/Cr*+ :YAG laser is experimentally fber coupled Nd:YAG S
demonstrated. A general recurrence is derived for the analysis = laser diode ‘| ,'
of the temporal shape of a singleQ-switched envelope with

modelocked pulse trains. With the developed model, the mode-
locked pulse energy and the totalQ-switched pulse energy can be

calculated. Excellent agreement was found between the present
results and detailed theoretical computations.

Index Terms—Mode locking, passively Q-switched laser,
saturable absorber, solid-state laser.
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|. INTRODUCTION Fig 1. Configuration of passively Q-switched  modelocked

IMULTANEOUS Q-switching and mode locking is of Nd: YAG/Cr'™ : YAG laser.

reat interest for the generation of high peak power and
ultrashort pulses. The high peak power from the simultaneouéfi¢ influence of ESA was developed to analyze the modelocked
Q-switched and modelocked laser is beneficial to wavelengdyIse energy within a singl@-switched envelope. Using the hy-
conversion in an external nonlinear crystal [1]. Moreoveperbolic secant square function to model the modelocked pulse,
the pulse trains contained if-switched and modelockedthe temporal shape of a singlzswitched pulse can be recon-
lasers can advantageously be used to study dynamic optgépcted. The theoretical calculations have shown fairly good
nonlinearities in the 191000-ns time interval [2]. The non- agreement with the experimental results.
linear absorption of saturable absorbers was first successfully
employed for the simultaneow@-switching and modelocking Il. EXPERIMENTAL RESULTS

were commonly employed in pulsed, modelocked solid-stagg the Nd:YVO,/Crit: YAG passively Q-switched and
lasers. Recently, the generation of pagsi»@kysyvitched and modelocked laser [6], as shown in Fig. 1. The pump power
modelocked pulses has been accomplished in diode-pumpgdy 30-w fiber-coupled diode-laser array with the output
Nd : YVO, lasers with a Cir* : YAG saturable absorber [5]-[7]. wavelength of the lasers at 25, ranging from 807 to 810 nm.

Several recent theoretical investigations [8]-[10] werghe fibers were drawn into round bundles of 0.8-mm diameter
proposed to optimize the performance @iswitched lasers. \ith a numerical aperture of 0.18. A focusing lens with 20-mm
Degnan [8] derived the key parameters of an energy-maxical length and 85% coupling efficiency was used to re-image
mized, passivel-switched laser as functions of two variablegne pump beam onto the laser crystal. The waist diameter
and generated several design curves. More recently, Xiao gfjtpe pump beam was about 6Q0n. The 1.0-at.% N,
Bass [9] and Zhangt al. [10] followed Degnan’s approach 10.mm-long Nd : YAG crystal was coated for antireflection at
to include the effect of excited-state absorption (ESA) of thfye4-nm R < 0.2%) on both end surfaces. The laser crystal
satur_able absc_)rber into the a_malysis. However, modelin.g for s wrapped with indium foil, and mounted in a water-cooled
passivelyQ-switched laser with simultaneous modelocking hac%pper block. The water temperature was maintained 4€20
not been reported. _ _ ~ The cavity was designed to easily allow mode matching with

In this work, we present the results of experiments in whichyge pump beam. Several ‘Gr: YAG crystals with different
diode-pumped Nd : YAG/Cr" : YAG laser has been simultane-injtia| transmissions were used in the experiment. Both sides
ously Q-switched and modelocked. A general model includingf the Cr+: YAG crystal were antireflection coated at 1064

nm. The resonator consisted of three highly reflective (at 1064
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A/A, can be easily changed by changing the position of the 50 hs/div
Cr*t : YAG crystal. Moving the Ct* : YAG crystal away from
the output coupler decreases the ratigA, in the present
cavity. The experimental results show that a ratio greater than ) '
1.0 is sufficient for the effectiv®-switching process. The pulse R L "=
temporal behavior was recorded by a LeCroy 9362 oscilloscope |
(500-MHz bandwidth) and a fast Si p-i-n photodiode with a ,
rise time of~0.35 ns. . .

When diode-pumped, passivel)-switched lasers are I ’
operated in the CW-pumped condition [11]-[15], the pulse @)
repetition rate usually increases with an increase of the pump
power. However, the interpulse time jittering is generally 20 ns/div F'o +0.30
greater than 5%. In this work, we modulated the laser diode
with a 200us pump—pulse duration to avoid the time jitter in
the pulse trains. First, we used an output coupler \kits 0.74
to generate simultaneouwd-switching and modelocking. The ARRNRASAY RAARAARRNRAS N & i i AANSY HAORS AAARRAAY
experimental results reveal that the time jitter of the pulse
trains is less than 0.5% for modulation frequencies lower
than 3.5 kHz. The threshold pump energies @switched
behavior are 1.2, 2.0, 2.8, 3.1, and 3.4 mJ for saturable ab-
sorbers offy = 0.95,0.82,0.65,0.50, and0.35, respectively. ' ®)
The output pulse energies of th@-switched pulse train at
the pump threshold are 0.05, 0.14, 0.20, 0.25, and 0.3 mJ 10/ ns/div To +0.35
for saturable absorbers d, = 0.95,0.82,0.65,0.50, and
0.35, respectively. The pulse-to-pulse amplitude fluctuation
of the Q-switched pulse train was found to be less thesfo.
Experimental results show that a nearly 100% depth of mod- VN YRS PR 1 WY P
elocking was achieved for all cases. The expanded temporal ’
shapes of a singl€-switched pulse for saturable absorbers i } J 1 1
of T, = 0.65,0.50, and0.35 are shown in Fig. 2. Note that / 9
the modelocked pulse duration shown in Fig. 2 was limited by r*““ Wyl Wi,
the response time of the Si p-i-n diode and oscilloscope. The
modelocked pulse duration inside tigeswitched pulse was (©)
measured using an autocorrelator (KTP type-II interaction) iiy. 2. Expanded temporal shape of a sin@iswitched pulse for saturable
collinear configuration [6]. Note that we only measured th&bsorbers of. (., =65%; (b)T., =50%; and (c)I\, =35%, withR =74%
average pulse duration because it is difficult to characteriZg® PumPp threshold.
single modelocked pulses underneath@switched envelope.

The temporal duration of the modelocked pulses is nearly 1. M ODELING

independent off and the value is measured to be about 200 According to the fluctuation mechanism, the picture of ultra-
ps. Forly = 0.35, the peak power near the maximum of thghort pulse formation is the following. Fluctuations in intensity
Q-switched envelope was greater than 200 kW. arise due to the interference of a great number of modes having

Using an output coupler witlR = 0.59, a 100% depth of a random phase distribution so that the radiation consists of a
modelocking could also be obtained. The threshold pump enghaotic collection of ultrashort peaks in the linear stage of gen-
gies forQ-switched behavior are 2.2, 2.8, 3.4, 3.7, and 4.0 ngJation. The most intensive fluctuation peaks are compressed
for saturable absorbers®§ = 0.95,0.82, 0.65, 0.50, and0.35,  and amplified faster than all the weaker ones in the nonlinear
respectively. The output pulse energies of@ewitched pulse stage. Once the pulse intensity rises beyond the saturation inten-
train at the pump threshold are 0.03, 0.13, 0.26, 0.32, and 0} range of the absorber, the preferred pulse will not be much
mJ for saturable absorbers 6 = 0.95,0.82,0.65,0.50, and  further shortened on subsequent roundtrips. Therefore, we con-

0.35, respectively. It was found experimentally that changingder that the photon intensity Shape has the form
the output reflectivity evidently did not affect the temporal du-

ration of the modelocked pulses. This result indicates that ul- P(t) = Z Q.. f(t —tm) 1)
trashort pulse formation is nearly independeni pand R. On m=0

the contrary, the characteristics @fswitched pulse formation wheret,, = mt,, ®,, is the relative amplitude of the mode-

mainly depends f)m’ and R. The peak power near the maxy\.qq pulses at thexth roundtrip andf (¢) is the modelocked
imum of theQ-switched envelope was greater than 300 kW Tlarfulse evolving from the noise such that

Ty = 0.35. This result is three times greater than the peak power
obtained in the Nd: YVQ/Crt : YAG laser with the sam&, /°°

E'S

andR. cof(t)dt =1. (2)

— o0
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Here, f(¢) is assumed to be a sharp pulse centered at 0 wherec is the speed of light and is the inversion reduction

which falls off rapidly in a time short compared to the resonatdactor. Note that the parametercan only be treated as a con-

roundtrip transit timet,.. stantwhen all of the Stark sublevel thermalization rates and mul-
Considering the ESA effect in a four-level saturable absorbigplet relaxations in the gain medium or absorber are either very

such as was considered by Hercher [16], the relative amplitu@st or very slow relative to the photon decay time of the res-

of the modelocked pulses at timg = mt, after an additional onator [18].

roundtrip through the cavity is given by [17] Dividing (5) byn, using (1) and (2), and integrating over time

from zero tot,,,, n(t,,) is given by

D, = D,_1 exp {2an(tm)l — [20gsngs(tm)ls

m—1
n(ty,) = n(0 exp(—~v®, 6
P2t ] = [hl <%> +L” . (tm) = n( )kl;[o p(—7®y) (6)
where wheren(0) is the initial population inversion density in the gain
o stimulated emission cross section of the gaifpedium.n(o) can be determined from the condition that the
medium; roundtrip gain is exactly equal to the roundtrip losses just before
n(tm) population density of the gain medium at theh he Q-switch opens. Thus
roundtrip; 1 1
l length of the gain medium; In <ﬁ> +1In <E> +L
Tgs ground-state absorption (GSA) in the saturable ab- n(0) = e . @)
sorber; 201
Tes ESA cross section in the saturable absorber; The equation for the time rate of change of the absorber
ngs(tn,) absorber ground-state population density at trground state population density is given by
mth roundtrip;
nes(tm) absorber excited-state population density at the dngs _ _icg PP @)
mth roundtrip; dt A, ETE
R reflectivity of the output mirror whereA /A, is the ratio of the effective area in the gain medium
L Egglssgsrable intracavity roundtrip dissipative 0Panq in the saturable absorber. Dividing (5) by (8) and integrating

ves
Introducing the variablg = o.s/o.s and using the condition g
Ngs(tm) + Nes(tm) = ns0, (3) CanN be rewritten as

9)

D,y = Dy exp {20n(tm)l — [2(1 — 3)Ogsnigs(tm ) s
where

1 1
+A31n <T—02>} — [ln <E> + L} } (4) o = 10 Aﬁ (10)
v o s

where n, is the total density of the absorber an

. . L dI'he arametery indicates how fast the saturable absorber is
T, = exp(—0ognsols ) iS the initial transmission of the saturabl P

absorber. Note that the condition.(fn.) + nes(fm) = e %leached. The larger the parameterthe faster the saturable

is an assumption introduced by Hercher [16] and adopted r%bsorber is bleached. Substituting (6), (7), and (9) into (4), the

Xiao and Bass [9] to simplify the analysis of passive saturablg/Currence relation fob,, is given by

absorbers. This condition assumes: 1) that the upper terminal m—1
level of the GSA relaxes infinitely fast (relative to the temporal®,,, = ®,,_1 exp { [H exp(—vPr) — 1] |:ln <—> + L}
duration of the optical pulse) to the lower level of the ESA and k=0

2) that the upper terminal level of the ESA behaves similarly. m—1

Namely, it is assumed that the saturable absorber atomic  + | [] exp(—v®x) — |8+ (1-5)

populations are totally contained in either the ground or excited k=0

states during the interaction with the optical pulse. These m—1 “ 1
approximations may not be valid for very short modelocked ) <H eXp(—’Y‘Pk)> ] In <ﬁ)} . 11)
pulsewidths. k=0 ¢

Since theQ-switched laser output pulses are much shortetyr 5 given initial value®,, ®,, can be solved by re-
than both the spontaneous lifetime and the pump period (tifgrrence (11). Fig. 3 shows the calculated result for a
between output pulses), spontaneous relaxation and pumpig: YAG/Cri+ : YAG passivelyQ-switched laser when using

can be safely neglected during the development of the outpyg following parameterss = 6.5 x 10~'° cm? [19],
pulse. Therefore, the equation for the time rate of change of the _ 70 x 10-19 cn? [20], 8 = 0.28 [20], v = 1, A = 0.123
population inversion density can be expressed as mgr‘n2’ A/A, = 1,L = 001, R = 0.74, T, = 0.6, and

dn ®,, = 10—2. The inversion reduction factor is assumed to be

= eedn (5) 4 =1, so as to obtain a best fit for the output energy.
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Fig. 3. Calculation results (symbols) fdr,,, by using the recurrence (10).
Solid line: Interpolating results for guidance purpose.

In terms of¢(t), the instantaneous power coupled from the -
output mirror is given by [17]net

.“h... |

hv Al 1
Py =" (3, ) ot a2
-0.07 i 1 1 1 ] 1 L 1 ]
wherehy is the laser photon energy aAd' is the cavity volume 55 75 95 115 135 185 175 195 216 235 255
occupied by the photons. Substituting (1) into (12), the output time (ns)
power can be expressed as ()
hvAc 1 ad 0.7 T T T T T T T |
P@) = In| — D f(E—tim)- 13
W="3 <R> ,;0 ft ) 13) 06F  T6=035 ]
05 |- .

There have been several theoretical works about the pulse
formation in a passively modelocked laser [1], [21], [22]. A &
computer simulation of the evolution of a modelocked pulse &
train from the noise is shown in [22]. For simplicity, the §
intensity shape of the modelocked pulse evolution from the &
noise is assumed to be the hyperbolic secant square functior
f(t) o sech®(t/7,), where the parametet, is related to the

FWHM modelocked pulsewidth by(FWHM) = 1.767, [23]. o1 T T T T

The modelocked pulsewidth mainly depends on the cavity 100 110 120 430 140 150 160 170 180 190 200
length and the effective lasing bandwidth. Substituting the time (ns)

sech’ functional form into (13) and using (11}, =120

ps, R = 0.74, and the parameter values for the present ©

Nd : YAG/Crtt : YAG passivelyQ-switched laser, the temporalFig. 4. Calculated results for the temporal shape of a siQegavitched pulse
shapes of a singl®-switched pulse for saturable absorbers irtrf"}‘;“fb;i c;‘)*.’SOfbefS of: (&) = 65%; (b) T, = 50%; and (c)T, = 35,
Ty = 0.65,0.50, and0.35 were calculated and shown in Fig. 4.

It can be seen that the calculated results are in good agreement

with the experimental data shown in Fig. 2. f(#). Using (11), (14), andi = 0.123 mn?, the output pulse

Integrating (13) over time from zero to infinity, the outpugnergy of a singl&®-switched envelope can be calculated. The
energy is given by value of the beam ared was determined by th&aBCD matrix

approach with the thermal lensing effect for the present cavity

B huA1 1Y) o (14) configuration. Fig. 5 depicts the experimental and theoretical
2 M\ R z_:o m results for the dependence of tlgeswitched pulse energy on
= initial transmission folR = 0.74 andR = 0.59. It can be seen

Note that the total pulse energy of tReswitched envelope de- that the theoretical calculation agrees very well with the exper-
pends ony_°°_. ®,,, and not on the modelocked pulse shapienental results.

m=0
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on the initial transmission fo2 = 74% and R = 59%. Solid curves:
theoretical calculations. Symbols: experimental results.
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