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Simultaneou®)-Switching and Mode-Locking in a
Diode-Pumped Nd : YV@-Cr'* : YAG Laser

Yung-Fu Chen and S. W. Tsai

Abstract—Parametric studies of passive Q-switching and
mode-locking in a Ndft+ : YVO 4,—Cr#t : YAG laser were theoret- Nd:YVO,
ically carried out. Simultaneous mode-locking andQ-switching T
was also experimentally studied. It was found that over 90% of the fiber-coupled I \
output power could be mode-locked in a diode-pumped passively ] laserdiode |JL_—
Q-switched NPt :YVO ,—Crt : YAG laser. The average pulse
duration of the mode-locked pulse train was estimated to be
around 110 ~ 150 ps. The highest peak power of a single pulse

%01

near the maximum of the Q-switched envelope was greater than !
100 kW. ﬂ
- >
Index Terms—Cr4+ :YAG, diode-pumped, mode-locked, S Cr*:YAG l_l
3+ . f o\
Nd3T : YVO 4, passivelyQ-switched. - R=55%
I. INTRODUCTION Fig. 1. Configuration of passivel@-switched mode-locked Nd: YVQlaser.

N THE LAST few years, a number of nheodymium-doped

vanadium-based crystals have been identified as promisisgak power are obviously lower than those ofNdYAG laser
materials for diode pumped lasers, particularly yttrium orthdecause these crystals have larger emission cross-sections.
vanadate (YVQ) and gadolinium orthovanadate (Gdy)d1]. The relaxation time of the first excited-state in the
Several advantages over Nd:YAG crystals include a larger*t : YAG is in the microsecond region, which prevents
emission cross-section, a pump power threshold, a wid@bde locking by saturable absorption. Nevertheless, recent
absorption bandwidth, and a polarized output. For example, tihgestigations [8] show that excited-state absorption (ESA)
wider absorption bandwidth means that the laser output povierCr* : YAG is rather significant and the relaxation time
is less sensitive to drifting of the diode pump wavelength dyeom higher-lying levels to the first excited state is in the
to a change of temperature or aging. The linearly polarizeéib-nanosecond region. This property indicates that there
laser output is beneficial not only to nonlinear wavelengitould be a potential to use this excited-state absorption for
conversion, but also to avoiding undesired birefringent effectgeneration of)-switched and mode-locked pulses. This possi-

Chromium-doped yttrium aluminum garnet (Cr. YAG) hbility has been observed by experiments in whi@tswitched
provides a large absorption cross section inGffe~ 1.2 um  mode-locked pulses were generated by use éf CYAG in a
spectral region, which makes it an attractive choice as a passiéghlamp-pumped NY : YAG laser with a modulation depth
Q-switch for Nd-doped lasers [2]-[4]. It is, however, usuallyf approximately 36-70% [9].
difficult to operate a diode-pumped, passivelyswitched  Although the large gain cross section of the®NdYVO,
Nd:YVO, laser with Ci*:YAG as the saturable absorbercrystalin comparison with that of N¢t : YAG is unfavorable for
The main difficulties arise from the fact that a fd: YVO, obtaining passive-switched operation, itis, as is the wider gain
crystal has a high stimulated emission cross section. For gasghdwidth, favorable for mode-locked operation. Therefore, itis
passiveQ-switching, absorption saturation in the absorber must practical interest to achieve simultaneous mode-locking and
occur before gain saturation in the laser crystal (the secoQdswitching in the Nd : YVQ-Cr*t : YAG laser for increasing
threshold condition) [S]. Therefore, a cavity is required thahe peak power. In this paper, we present a pass@edwitched
has a small beam area in the*€r YAG crystal. Even though and mode-locked diode-pumped Nd: Yy@aser by use of a
passivelyQ-switched Nd* : YVO, and N&+ : GdVO, lasers Crt : YAG crystal as the saturable absorber. Parametric studies
have been demonstrated [6], [7], the output pulse energy asfghulsed mode-locking were performed. The experimental con-

figuration and the results for different €r: YAG crystals are

described and discussed.
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lasers at 25C ranging from 807 to 810 nm. The fibers weravhere

drawn into round bundles of 0.8-mm diameter with a numerical ¢ intracavity photon density with respect to the effec-

aperture of 0.18. A focusing lens with 20-mm focal length and tive cross-sectional area of the laser beam in the gain
85% coupling efficiency was used to re-image the pump beam medium;

onto the laser crystal. The waist diameter of the pump beamn population density of the gain medium;

was about 40Q:m. The a-cut 0.3-at.% Nd&*+, 10-mm-long ls length of the saturable absorber;

Nd:YVO, crystal was 0.5 wedged and coated for high A/A, ratio between the effective area in the gain medium
reflectivity at 1064-nm £ >99.9%) and high transmission and in the saturable absorber;

at 808-nm {" >95%) on one side. The other side was antire- n,;,  ground-state population density in the saturable ab-
flection coated at 1064 nm. The Nd: Y\{@rystal of only a sorber;

low doping concentration was used to avoid thermally inducedn.,  excited-state population density in the saturable ab-
fracture [10]. The laser crystal was wrapped with indium sorber;

foil, and mounted in a water-cooled copper block. The watern,, total population densitiy in the saturable absorber;
temperature was maintained atl@. The cavity was designed o¢,;  GSA cross section in the saturable absorber;
to easily allow mode matching with the pump beam, and too.,  ESA cross section in the saturable absorber;

provide the proper spot size in the saturable absorber. Severat stimulated emission cross section of the gain medium;
Cr*t :YAG crystals with different initial transmissions were 1 length of the gain medium;

used in the experiment. Both sides of the*CrYAG crystal L nonsaturable intracavity round-trip dissipative optical
were antireflection coated at 1064 nm. The resonator consisted loss;

of two spherical highly-reflective (at 1064 nm) mirrors M1 and R reflectivity of the output mirror;

M2, with radii of curvature of 50 and 10 cm, separated by 60 cm. ~ inversion reduction factor(= 1 andy = 2 corre-
The flat output coupler was 1°0Owedged. The total cavity spond to, respectively, four-level and three-level sys-
length was approximately 1 m. The ratio between the effective tems (see [11]);

area in the gain medium and in the saturable absothdr, can andt,. = 2!’ /cis the round-trip transit time of light in the cavity
be easily changed by changing the position of th& CiYAG  of optical lengthl’, wherec is the speed of light.
crystal. Moving the CI* : YAG crystal away from the output  Dividing (2) by (3) and integrating gives

coupler decreases the ratib/A, in the present cavity. The n\*%
experimental result shows that a ratio of greater than 3.0 is Ngs = Tso <n_z> (6)
sufficient for effectiveQ-switching. This result is consistent, oo
with the theoretical analysis of the following section. . 1
_ 1 Ogs
lIl. ANALYSIS =1 4, ®)
A. Q-Switching andn; is the initial population inversion density in the gain

The physical meaning of the second threshold in a passivégdium.n; is determined from the condition that the round-trip
Q-switched operation is whether the saturable absorber will sggin is exactly equal to the round-trip losses just before the
urate first, thereby allowing the photon density to increase afdswitch opens. Thus

thus producing a giant pulse. Alternatively, the gain will begin I 1 I 1 I
to saturate first, so that the photon density never increases suf- "\ 12 Thlg)T
ficiently to develop a giant pulse. To model the operation of a i = 251 ()

passivelyQ-switched laser, we shall assume uniform pumpinghere,, = exp(—o,sns.l,) is the initial transmission of the

of the gain medium, and the intracavity optical intensities in th&aturable absorber. Dividing (1) by (2) and substituting (5) into
gain medium and in the absorber as axially uniform. We alsge result gives

omit the spontaneous emission of the laser and the absorber.
The coupled rate equations have been used to model a passi\cl%y I 1-5) 1 n\ &1L
() (5)

Q-switched laser in many investigations [11]-[14]. Here, w

~ ) 2 )
extend the previous results by including the influence of intra- gl 20ln; 3 T
cavity focusing and the ESA effect. The coupled equations for
a three or a four level gain medium are modified as Bln 1 +1In 1 +7
dp _ ¢ SN d ®
i E [ernl — 20g5ngsls — 20camesls 20ln
1
_ <1n <E> + L)} (1) Where
a,
d 3= 9
W e —eogn @ o ©
dngs A Cooybm, 3) Since the first derivative af with respect to atn = n; is zero,
e~ A, €T the criterion for achievingd-switching is whether the second

Tigs + Nes =Tso (4) derivative of¢ with respect ton atn = n; has a positive or a
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negative sign. If positive, the photon density will grow. Using 14 , . : ,
(8), the second derivative @f with respect to. is given by
12l NA:YVO,/Cr*.YAG i
d¢_ 1| _(A=Pla=1) ) (1) /n)"
dn? Al 20ln? " 7)) \ni < o1
1 1 ~ 08
+/31n <T_02> +1In <E> + L ) g
201n? ) é 06
. . . . . . E 04
Settingn = n; in (10), the criterion for a giant pulse to occur is
then given by 0zl
1 1
[(1—3)—1]ln <T—02> —1In <E> —L>0. (11) o0
Inserting (6) into (11), the criterion for the second threshold AlA,
becomes
In <i> Fig. 2. Calculation results for the output pulse energy in the passively
T02 Ogs A 9 Q-switched Nd:YVQ-Cri* : YAG laser as a function ofd/ A, for several

1 1 7 A_s > 1_ /3' (12) initial transmissiong’, and R = 0.55.
111 <T—02> +1Il <E> +L
The main difference between the present derivation and the pe-Mode-Locking

vious result [5] is that we take account of the influence of ex- The nonlinear absorption of saturable absorbers was first suc-
cited-state absorption and intracavity focusing. In addition, (lgéssfu”y employed for simultaneo@switching and mode-

is of practical importance because the parameters used in |fi&ing of solid-state lasers in 1965 [16], [17]. One desirable
present derivation, such &, and R, are directly related t0 ¢ongition for good pulsed mode-locking is that the saturable
the design of a passively-switched laser. For the € : YAG  apsorber should have a short enough lifetime to recover its ab-
passivelyQ-switched Nd: YVQ laser,y = 1, 5 ~ 0.28 [8],  sorption between individual noise bursts, so that the preferred
0gs = 70 x 1071 cn? [8], and the emission cross section ofyyse does not bring several closely following noise spikes up

Nd:YVO,, 0, is 25 x 107" cnv* [15]. along with it. Another important condition is that the build-up
Following the derivation of previous work [11]-{13], thefime of the Q-switched pulse has to be sufficiently short be-
pulse energy is given by cause of the limited round trip time of the intensity fluctuation.
hrA 1 In early technologies, dyes were commonly employed in pulsed
E= 20+ In <§> . (13) mode-locked solid-state lasers. However, a flowing dye solution

temperature controlled withi#0.1°C must be used to achieve

stable and reproducible performance because a change of 1%

(1-8)ln <_> per degree in absorption was found in the diluted dyes. Further-
T2 1 — exp(—ax) more, mixing with handling of the dye solution, and maintaining

wherez is the solution of the equation

1= exp(=2) - 1 1 « proper dye concentration, proved cumbersome. Due to these in-
In <ﬁ> +In <§> +L herent shortcomings, the replacement of the dyes by a solid-state
1 ’ 1 element is desirable.
Bln <ﬁ> +1In <§> + L In comparison with dye solution, €f:YAG has better
1" T ' =0 (14) thermal and mechanical properties, resulting in a higher
In <_2> +In <_> + L damage threshold. However, its relaxation time is in the
13 R microsecond region, which generally would not be allowed

To consider the dependence of the output energfi pA,, we to obtain mode locking. Semiconductor saturable absorber
used (13) and (14) to calculate the output pulse energy imarrors or Kerr-lensed mode-locked systems are commonly
Crtt 1 YAG passivelyQ-switched Nd:YVQ laser as a func- used technologies in pulsed solid-state lasers [18], [19]. Nev-
tion of A/A,for several initial transmissiorig, and R = 0.55.  ertheless, when the intracavity intensity is high enough, all of
Fig. 2 shows the calculation results. It can be seen that the outfing C* ions are quickly excited to the first excited-state, and
pulse energy initially rises as the ratity A, is increased above strong ESA causes a great quantity of Cions to accumulate
the second threshold. As the ratity A, is sufficiently large, in higher-lying levels. Since the relaxation time of the ESA is
the output energy saturates at a larger value for a snigjler relatively short {.s =0.1 ns) [20], passive mode-locking with
To obtain a nearly optimum output pulse energy, the rafid, a Crt:YAG saturable absorber would be possible if strong
was designed to be greater than 3.0 in the pass@@edwitched intensity fluctuations are introduced, and the pulse buildup
Nd®t : YVO,—Cr : YAG laser. time is sufficiently short [21].
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The fluctuation mechanism is believed to be mainly respo
sible for generating ultrashort pulses in a la@eswitched by
nonlinear absorbers [21], [22]. According to this mechanisr
the picture of ultrashort pulse formation is the following. Ir
the linear stage of generation, the fluctuations of intensity ari
due to the interference of a great number of modes having
random phase distribution so that the radiation consists o
chaotic collection of ultrashort peaks. In the nonlinear stag
where bleaching of the absorber takes place, the most intens
fluctuation peaks are compressed and amplified faster than
the weaker ones. Kryukov and Letokhov [22] used the fluctu
tion mechanism to prove that the ratio of the peak pulse pow
to the mean background power can be given by

P, m
B backgr

wherem is the number of axial modes at the end of the line:
stage of buildup ang is the nonlinear parameter related to th

= (Inm)* (15)

Coefficient of bulid-up time C,

pulse compression in the nonlinear stage of the developing. 0 L t L L
obtain the high pulse-to-background ratia,and;; should be 0.0 0.2 0.4 06 0.8 - 1.0
as large as possible. Initial transmission T,

During the linear stage of the intensity fluctuation buildug
the number of axial modes decreases due to the natural selection

toward the center of amplification line given by [22] Fig. 3. Dependence of the coefficient of pulse-build timeZgnfor several
m values of front mirror reflectivity? for Cr*t : YAG (2 = 0.28).
o

m=-———— (16)
(Colt/tr))'/2 Ty = exp(—oesnsols) = TP, where the factop is defined in

where I . (9). Therefore, the threshold inversion density after bleaching of

m, initial number of axial modes; the absorber is given by

«, threshold gain; 1 |

t,  pulse build-up time. Bln <ﬁ> +1n <§> + L
In most cases, the nonlinear parameter is given by [22] as Nyp, = ° o : (20)

1-1, o

p=—>"_ (17) The difference between (7) and (20) arises from the different
ty(der/di) losses incurred by the absorber without any bleaching and with

whereda/d¢ is the speed of the gain increase due to pumpir@mplete bleaching.

at the time of threshold. From (15)—(17) it can be found that a Substituting (7) and (20) into (19), the pulse build-up time

shorter pulse build-up time generally leads to a largesind a coefficient is rewritten as

largeru, and a higher pulse-to-background ratio. 31 1 I 1 I

Since a short pulse build-up time is of benefit to the genera- fln T2 i R + 1
tion of theQ-switched and mode-locked pulses, it is practically b= 1 1 (21)
useful to make an estimate of the build-up time for a simple sit- (1-3)In <ﬁ> In <E>

uation. TheQ-switch build-up time in a laser can be estimateg,_ig_ 3 provides a demonstration of the dependencé;obn

from a solution of the single mode rate equations. The addj- for several values o for Cri*+ - YAG (3 = 0.25) . For
tion of simultaneous mode locking and the presence of mul{hf’e demonstration, we used a typical valuelof= 0.003 in
mode oscillations will not significanty change the buiId—uptim?he calculation. It éan be seen that the lower the initial trans-
[23], [24]. If the pulse build-up time, is short compared to the mission, the sﬁorter is the build-up time for a given output re-

upper-level lifetime of the inversion density, then a good es?I'ectivity. On the other hand, the build-up time can be clearly

mate fort, is given by [5] reduced by lowering the output reflectivity for a given initial
ty = (25 +5)t,.Cy (18) transmission. However, a lower output mirror reflectivity also
results in a higher threshold. Therefore, the output reflectivity
is typically chosen to range between 50%—60% for pulsed pas-
C, = 1 (19) sive mode-locking [25].
Ny — Nh ln(l/R)

with

whereny, is the threshold inversion density after the absorber IV. RESULTS AND DISCUSSION

is bleached. The absorber is assumed to be fully bleached in thénitially, we used an output coupler with=55% to generate
analysis. Note that full bleaching is not a necessary conditisimultaneou$Q-switching and mode locking. Fig. 4 shows the
for obtainingQ-switching. Owing to the excited-state absorpaverage power of the passive@rswitched and mode-locked
tion, the final transmission of the saturable absorber willbe pulse train with respect to the pump power for saturable
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Fig. 5. Experimental results for pulse repetition rate of@switched pulse
with respect to the pump power for saturable absorbeFs e£80%, 60%,
, and 40%, respectively.

Fig. 4. Experimental results for average power of the passi@esyitched tai
mode-locked pulse train with respect to the pump power for saturable absorq;%g;
of T, =80%, 60%, 50%, and 40%, respectively. 0

absorbers of,—= 80%, 60%, 50%, and 40%, respectively. The i
highest average output power is obtained wit;a=80% ---| 50 ps/div
Crt :YAG crystal and the Nd:YVQ laser generates an
average output power 4.7 W in the Tg)Mmode at an incident
pump power of 17-W. The lasing threshold and optical slope
efficiency are 3.2 W and 34.5%, respectively. For &'CrYAG
crystal of initial transmissions of 60%, 50%, and 40%, the |, b, 0 b1 0 v a1l
maximum average output powers are reduced to 4, 3.5, an

3.0 W, respectively, because of the increasing losses incurre
by the saturable absorbers. The lasing threshold and the sloy
efficiency are 4.3 W and 31.5% for tlf¢—=60% crystal, 5.1 W
and 29.4% for th&,,=50% crystal, and 6.0 W and 27.3% for
theT,, =40% crystal, respectively.

The pulse temporal behavior was recorded by a LeCroy 936.
digital oscilloscipe (500-MHz bandwidth) and a fast Si p-i-n
photodiode with a rise time of 0.35 ns. Fig. 5 shows the repefild- 6- Oscilloscope traces of a train@fswitched pulses.
tion rate of theQ-switched pulse train with respect to the pump
power for the four Ct* : YAG crystals andR= 55%. It can be with the previous analysis that a low&], shortens the pulse
seen that the lower the initial transmission of thé'CrYAG  build-up time, as shown in Fig. 3, which is beneficial for the gen-
crystal, the lower is the repetition rate of tReswitched pulse eration of theQ-switched and mode-locked pulses. The pulse
train. From Figs. 4 and 5, the pulse energies of@hgwitched build-up timeswere estimated to be about590, 320, and 200 nsfor
pulse train at an incident pump power of 17 W are 75, 120, 14€xturable absorberstif= 80%, 60%, and 40%, respectively. On
and 165.J for saturable absorbersBf= 80%, 60%, 50%, and the other hand, the theoretical results shown in Fig. 3 are 560,
40%, respectively. A typical oscilloscope trace is presented 297, and 198 ns for saturable absorber% st 80%, 60%, and
Fig. 6, showing a train d-switched pulses. The pulse-to-puls&0%, respectively. Apparently, the theoretical calculations are in
amplitude fluctuation of th€-switched pulse train was foundgood agreement with the experimental results. When the value
to be less thar-10%. of T, in our system is smaller than 0.6, nearly complete mode

The expanded temporal shape of a sin@lswitched pulse locking with more than 90% of the output power mode-locked
for saturable absorbers 8f=80%, 60%, and 40% is shown inis achieved. Although the results shown in Fig. 7 were mea-
Fig. 7. It can be seen that a lowE&y not only shortens the width sured at 10 W of absorbed pump power, the envelope pulse-
of the pulse envelope, but also reduces the CW backgroundaiidth changes by less thaib% over the range of the absorbed
theQ-switched and mode-locked pulse. This result is consistgmimp power (8-17 W). The mode-locked pulses inside the
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Fig. 7. Expanded temporal shape of a sif@tswitched pulse for saturable absorber§ gt 80%, 60%, and 40% wittt =55% at the pump power of 10 W.
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Fig. 8. Autocorrelation trace of th@-switched mode-locked pulse. Absorber initial transmission

Q-switched pulse envelope had a repetition rate-##8 MHz. Fig. 9. Dependence of the envelope pulse width and the peak power of the
The mode-locked pulse duration inside @eswitched pulse Q-switched pulse train on the initial transmission at an incident pump power of
was measured using an autocorrelator (KTP type Il interaction7)' '

in a collinear configuration [26]. The average pulse duration

(FWHM) was estimated to be about 12050 ps for7, <0.6, To investigate the stability of the mode-locking process, we
as shown in Fig. 8. Fig. 9 shows the dependence of the enghanged the spot size in the absorber by moving the absorber
lope pulse width and the peak power of Qeswitched pulse away from the output coupler. It was found that increasing the
train on the initial transmission at an incident pump power afpot size in the absorber leads to a decrease in the pulse en-
17 W. The peak power of a single pulse near the maximum efgy of the whole bunch. However, the modulation depth of the
theQ-switched envelope was greater than 100 kWIpK 0.6. mode-locking pulse train is almost not influenced by the change
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[9]

(10]

. . . (11]
Fig. 10. Expanded temporal shape of a sin@switched pulse fof,, =50%

andR =70% at a pump power of 10 W. [12]

of the beam size in the absorber. It has also been found théis]
mode-locking operation is insensitive to the alignment of the ab-
sorber. Therefore, the key parameter for mode-locking is the inir 4)
tial absorber transmission, whereas tight focusing only affected
passivelyQ-switching operation. [15]
Finally, we replaced the output coupleR & 55%) with a
R=70% one to study the influence of the output reflectivity [16]
on the modulation depth of the mode-locked pulse. In this case,
the modulation depth of the mode-locked pulse decreased sigr7)
nificantly, as shown in Fig. 10. The reason is that a higher output
reflectivity will lengthen the pulse-build up time, as anticipated

18
by Fig. 2. e}
V. CONCLUSIONS [19]

We have demonstrated the use of€rYAG crystal to ob-
tain a high-power diode-pumped Nd : Y\(@aser operatingina 2]

Q-switched mode-locked mode. Theoretical analysis shows that
alower initial transmission of Gt : YAG crystal is of benefit to

the generation of th@-switched mode-locked pulses for a given [21)
output reflectivity. On the other hand, the value of the output re-
flectivity should be low enough for simultaneous mode-locking[zz]
and Q-switching. Experimental results show that over 90% of
the output power in a passivelyswitched Nd : YVQ laser was
mode-locked by using, <60% andR=55%. The peak power
of asingle pulse near the maximum@fswitched envelope was [24]
greater than 100 kW. We believe that its high reliability and sta-
bility make this laser of considerable interest for applications.

(23]

(25]

[26]
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