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Ti:sapphire laser pulses from an oscillator were amplified by the pumping of a second 

harmonics of Nd:YAG laser, and output laser power was measured. By extrapolating the 

laser power ratio with and without pump laser to extracted power of zero, single-pass 

and double-pass small-signal gains as a function of incident pump energy density were 

obtained. The single-pass small signal gain was calculated by means of two level rate 

equation, which reproduced experimental results well. Based on these results, the 

oscillator output was amplified in a series of amplifier chain. 

Keywords: Ti:sapphire Laser, Amplifier, Small-signal Gain, Nd:YAG Laser, Single Pass, 
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1. Introduction 

Several advantageous features of Ti:sapphire laser (TSL) such as broad gain region, 

easy handling of solid state brick, and stable operation without vibration by dye 

circulation, make TSL potentially useful light source for high resolution spectroscopy 

and laser isotope separation 1). As a light source for laser isotope separation, broad 

tunability, narrow line width with a single-longitudinal mode and stable operation are 

desirable, which are attainable with a TSL oscillator. For the isotope separation on a 

large scale or frequency conversion of the fundamental output with a nonlinear crystal 

to obtain shorter wavelengths, high laser pulse energy is required. The laser pulse can 

be amplified by a master-oscillator power-amplifier (MOPA) chain in series. 2) 

In this study, single-pass and double-pass small-signal gains of a Ti:sapphire crystal 

pumped by the second harmonics of Nd:YAG laser were measured. Based on the results, 

the TSL oscillator pulse was amplified in a series of amplifier. 

2. Experimental method 

Figure 1 shows the schematics of the experimental setup for single-pass (a) and 

double-pass (b) gain measurements. The Ti:sapphire crystal (18mm length) was 

obtained from Union Carbide Co. The titanium concentration was 0.15% by weight. The 

absorption coefficients for 1r -polarization at 532 nm and 800 nm were 1.9 cm·1 and 0.05 

cm"I, respectively. It was mounted at Brewster's angle on a holder at room temperature. 

The crystal was longitudinally pumped by the second harmonics of Q-switched 

Nd:YAG laser (Lumonics HY1200) operated at 10 Hz. The pump laser was focused with 

a lens and injected from an end of the crystal. The temporal duration of the pump laser 

was IOnsec. The polarization of the pump laser was parallel to the c-axis of the crystal 

(1r -polarization). 

As a signal laser, TSL oscillator was used. The oscillator consisted of a Ti:sapphire 

crystal, a grating (1800 line/mm), a tuning mirror, and a total reflector. By grazing

incidence configuration and cavity length control, single-longitudinal mode operation 

with linewidth less than 500 MHz was possible. The intensity of the signal laser was 

attenuated with ND filters. The signal laser was introduced almost collinearly with the 

pump laser into the crystal 25 nsec after the pump laser pulse. Figure 2 shows the 

temporal profile of the pump laser and the probe laser at the entrance of the crystaL For 

single-pass gain measurement shown in figure l(a), the introduced signal laser was 

amplified by the pumped crystal, and the laser output was detected with a power meter. 

The signal was detected as an average of ten pump pulses. For double-pass 

configuration shown in figure 1(b), the amplified laser was reflected with a back mirror, 

and amplified in the crystal again. The overlap of the pump laser and the signal laser 

was optimized to give highest output power. 
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3. Results and di8CU88ion 
Figure 3 shows the output laser power measured with (I) and without (Io) YAG laser 

pumping at the laser wavelength of 808 nm. Figure 4 shows the relation between the 

observed signal gain (IIIa') and the incident pump energy density at the introduced probe 

laser power between 110 p. J (a) and 770 p. J (c). The results show that the gain 

increased with the pump energy density, and it decreased with the signal laser power. 

Figure 5 shows the relations between the gain (IlIo) and the extracted power (I-10) 

obtained at the pump energy density of 4.3 J/cm2 
• By extrapolating the relation to the 

extracted power of zero, small-signal gain go averaged over the crystal length L at each 

pump energy was determined. Figure 6 summarizes the obtained small-signal gain for 

single-pass (a) and double-pass (b) as a function of incident pump energy density. The 

results show that small-signal gain increased linearly with the pump energy density 

and the gain for double-pass was about twice that of single-pass. 

Figure 7 shows the wavelength dependence of double-pass small signal gain at the 

pump energy density of 4.3 J/cm2
• The results show that the gain was largest at about 

780nm. 

The single-pass gain of the laser pulse was calculated based on a two level rate 

equation formulation. 

aN} (x,t) =CiapIp(x)No(x,t) - N} (x, t)CieI, (x,t) + No (X,t)Ciall (X,t) - N} (x,t)/1: (1)at 
aI,(x,t) =N}(X,t)CieI,(x,t)-No(x,t)CiaIJ(x,t) (2)ax 
where N 1{x,t) and No(x,t) are the concentration of titanium ions in excited level and 

ground level, respectively, Ip{x) and ~(x,t) are the internal photon intensities of pump 

laser and signal laser, (J 8p is the absorption cross-section of pump laser, is the(J e 

cross-section for stimulated emission from excited level to ground level, is the (J 8 

absorption cross-section of signal laser from ground level to excited level, and " is the 

radiative decay time of the excited level. Considering that the pump laser was 

introduced before the signal laser and that the fluorescence time is long enough 

compared with the travel time of laser pulse in the crystal, equation (2) is approximated 

by, 

dlJ(x) = [(Cie+Cia)CiapIp(x)exp(-ap(L - x))exp(-At /1:) -Cia]NI,(x) (3)
dx 

where L is the length of the crystal, N is the concentration of Ti3+ ions (=N1+N~, a p is 

the absorption coefficient of the pump laser, and ntis delay time of signal laser to 

pump laser. 

Figure 8 shows the horizontal spatial profile of pump laser (a) and probe laser (b). 
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From the experimental observation, the spatial profile of the pump laser was assumed 

to be a circular beam. Before injection to the crystal, the pump laser was focused, and 

the increase of pump laser cross-section in the crystal during the propagation was 

considered. The number of photon of the pump laser at the distance of x from the crystal 

end was given by, 

Ep 1
1=-

p hvp S(x) 

where Ep is the introduced pump energy, h).l p is the photon energy of the pump laser, 

and S(x) is the cross section of the pump laser at a distance of x from the end of the 

crystal. The spatial profile of the signal laser was assumed to be Gussian as shown in 

figure 8(b). The number of photon of the signal laser I(r) was given by, 

where Pt is the energy of signal laser, ris the distance from the center of the laser beam, 

ro is the radius of the signal laser, and h).l J is the photon energy of the signal laser. 

Equations (1) and (3) were solved numerically, and from the laser intensity ratio at the 

entrance and the exit of the crystal, signal gain was obtained. In this calculation, the 

radiative decay time of the excited level T (=3.15 X 10-6 sec)3), the cross-section for 

stimulated emission (1 e (=2.7 X 10-19 cm2
)3), the absorption cross-section of pump laser (1 

IlP (=9.3 X 10-20 cm2)4) were obtained from references. The delay time of the signal laser 

from the pump laser ll. twas 25 nsec, and the crystal length L was 18 mm. The 

concentration of titanium ions N(=2.0X 1019/cm~, the absorption cross-section of pump 

laser (1 IIp (=9.3 X 10-20 sec2), and the absorption cross-section of signal laser (=2.2 X(1 8 

10-21 cm2) were determined from the absorption coefficient of the crystal.5
) The solid line 

in figure 6 denoted by Cal shows the calculated results of the small signal gain. The 

experimental results for single-pass were well reproduced by the calculations. 

The oscillator output was amplified in a series of amplifiers. The oscillator output of 

0.62 mJ by the pump input of 66 mJ was amplified at the initial stage amplifier (AMP 1, 

double pass), and output energy of 63 mJ by the pump power of 137 mJ was obtained. 

Considering the damage of the back mirror, single pass amplifier was used in the 

following stages. The output from AMP 1 was amplified by AMP 2 (single pass), and 

output of 88 mJ was obtained by the pump input of 43 mJ. It was then amplified by 

AMP 3 (single pass) where output of 154 mJ was obtained by the pump input of 68 mJ, 

and by AMP 4 (single pass) where output of 186 mJ was obtained by the pump input of 

140 mJ. The gain at each stage was also shown in figure 6 by AMP1-AMP 4. 
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4. Conclusion 

Ti:sapphire laser pulses from an oscillator were amplified by the pumping of a second 

harmonics of Nd:YAG laser, and single-pass and double-pass small-signal gains as a 

function of incident pump energy density were obtained. The single-pass small signal 

gain was calculated by two level rate equation, which reproduced the experimental 

results well. Based on these results, the oscillator output was amplified in a series of 

amplifier chain. 
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(a) Single pass 

YAGlaser Ndfilter Lens 

Laser output
Ti:sapphire 

Signal laser ND filter Crystal 

(b) Double pass 

YAGlaser ND filter Lens 

" 

1 " 
\J 

Back 
mirror '-  Ti:sapphire 

Laser output
Crystal 

-------------------------¥// 

Signal laser ND filter 

Fig. 1 Schematics of the experimental setup for the measurements of single-pass (a) and 

double-pass (b) small-signal gain in a Ti:sapphire amplifier. 
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lOusec 

Fig. 2 Temporal pulse shape of pump laser and signal laser at the entrance of crystal. 

50 usee 

Fig. 3 Temporal pulse shape of output laser from Ti:sapphire amplifier crystal with (1) 

and without (10) YAG laser pumping. 
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Fig. 4 The obtained gain (the ratio of the output laser intensity with (I) and without (10) 

pump laser) as a function of pump laser density. The incident signal laser power was 

110 f1. J (a), 420 f1. J (b) and 770 f1. J (c). 
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Fig. 5 The relation of logarithm of gain (IlIa) and extracted power (1-10) at the pump 

energy density of 4.3 J/cm2
• 
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Fig. 6 The exponential gain gaL for single-pass (a) and double-pass (b) as a function of 

pump energy density. The results of calculation are also shown by solid line denoted by 

Cal. The gain for each stage of amplifier is denoted by AMP 1 - AMP 4. 
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Fig. 7 Experimental double-pass small-signal gain as a function of wavelength of the 

output laser at the pump energy density of 4.3 J/cm2
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(a) PUlllP laser 

(b) Signal laser 


Fig. 8 Horizontal spatial profiles of pump laser (a) and signal laser (b). 
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