
Direct Measurements of Terminal-Level Lifetime in Nd:YLF 

The terminal-level lifetime of a four-level laser fundamentally 
affects its gain saturation performance since slow relaxation 
rates from this level can form a "bottleneck" when the saturat- 
ing pulses are significantly shorter than the terminal-level 
lifetime. As aresult, the terminal-level lifetime is an important 
design parameter in achieving maximum energy extraction 
from high-peak-power laser amplifiers and Q-switchcd oscil- 
lator systems. 

Terminal-level lifetimes reported in the literature for even 
the most common laser mediasuch as Nd:YAG differ by as much 
as several orders of magnit~de; '~references for N ~ : Y L F ~ - ~  are 
less common and subject to thc same uncertainty. 

For most solid-state laser materials, the terminal-level life- 
time is dominated by nonradiative relaxation processes 
involving the emission or absorption of host material phonons. 
Closely spaced energy levels within a Stark manifold thermal- 
ize extremely rapidly (< I O ~ S ) ~ ~ ~  through nonradiative processes 
involving single phonons, while relaxation between different 
Stark manifolds proceeds at significantly slower rates since 
multiple phonons are required to bridge the typically larger 
intermanifold energy gaps. When the tolal multiphonon, 
nonradiative relaxation out of the terminal laser level manifold 
is much slower than the intramanifold thermalization, the 
distribution of population within the manifold can be treated as 
a system in quasi-thermal equilibrium and described by a 
Boltzmann distribution. For laser systems in which the termi- 
nal laser level contains a significant proportion of its thermal- 
ized manifold population, gain saturation properties are deter- 
mined by both the relaxation rate of the entire manifold and the 
quasi-thermal occupation factor in the terminal laser level. The 
manifold relaxation rate, often characterized by its lifetime, 
determines whether any "bottlenecking" occurs, and the ther- 
mal occupation factor determines the degree to which 
accumulation of population in the terminal-level manifold 
reduces population inversion during lasing. 

Measured lifetimes for other energy levels can yield rel- 
evant information since multiphonon nonradiative relaxation 

ratcs generally follow a phenomenological that de- 
pends only on temperature, energy gap to the next lower energy 
level, and a single phonon frequency. Measured relaxation 
rates for high-order phonon processes (n > 3) substantially 
support this m o d e ~ ; ~ . l ~  however, it is generally invalid for low- 
order processes ( r z  5 3). Anomalies have also been observed in 
some materials8 due to selection rules or when a high degree of 
resonance exists between an intermanifold energy gap and a 
sum of phonon energies corresponding to peaks in the host 
material's phonon spectrum. In addition, significantly differ- 
ent lifetimes for nonradiative transitions covering nearly 
identical energy gaps have been reported for N ~ : Y A G ~ . '  ' that 
suggest either a breakdown in the model or a dependence on the 
measurement technique. 

Direct measurement of the '1' terminal-level relaxation 
is performed ideally under prototypical energy extraction 
conditions toensure meaningful results. Sensitive andaccurate 
measurement of the relaxation rate demands operating in a 
regime that clearly isolates the multiphonon nonradiative 
decay process from radiative processes. Saturating pulses 
substantially shorter than the terminal-level lifetime can yield 
a true impulse response that is easily analyzed without the need 
for deconvolving input beam pulse shapes or applying compli- 
cated modelsof the population dynamics. Any practical method 
should by design also minimize the amount of sample required 
and avoid nonlinear optical processes, such as self-focusing or 
self-phase modulation, that might damage the sample or other- 
wise introduce unquantifiable effects into the measurement. l 2  

Theory 
Figure 62.3 1 represents the energy levels in Nd:YLF impor- 

13 tant to laser action. The 1475-cm-' energy gap between the 

4 ~ 1  terminal-level manifold and the 4~9,2 ground-state mani- 
fold is less than three times the phonon cutoff energy of 
566 cm-' in Y L F , ' ~  which places this nonradiative decay 
process near the limit of validity for the single-frequency model. 

In this work, the4~312initial-laser-leve1 nianifoldis pumped 
directly from the 4fy12 ground-state manifold. Laser action at 
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Figure 62.3 1 
Energy-le\:el diagram for lasing in Nd:YLF. The qIgl2 ground state and 
4l11l? terminal laser s t ~ t e  are separated by a 1475-cml energy gap that is less 

than three times the maxi~num phonon energy in YLF'q (-566 cm-I). The 

thick upward (downwardj arrow represents the pump (saturating pulse) laser 
transitionb. The thin downward (upward) arrow represents the small-signal- 

gain (excited-state absorptionj probe transitions. 
~ ~ ~ ~ ~ ~ p p ~ - ~ -  

the 1053-nm laser transition occurs between the lowest sub- 
level in the 4 ~ 3 1 2  manifold and the second lowest level in the 

4 ~ 1  manifold. Since both the initial and terminal laser levels 
are strongly coupled to their re\pective Stark manifolds and 
each contains a substantial portion of its manifold's popula- 
tion. the relevant populat~on dynamics are best described by 
rate equations for the total populations N3 and N2 of the initial 
( 4 ~ 3 , 2 )  and terminal (411112) laser-level manifolds, respec- 
tlvely. 

dm3 ( r ,  t )  
dt 

= Wpunlp ( t )  . N I  (73 t )  - Wsat pulse ( t )  
( la)  

X [ f 3 ~ 3 ( ~ . t )  - f 2 ~ 7 ( 7 . t ) ]  - 

dN2 (7 ,  t )  - 

dt - Wsat pulse ( t )  

(lb) 
x [ h ~ 3 ( r , t ) - t i ~ 2 ( r , t ) ] -  

where Wpump and Wsat pulse are the radiative transition rates 
associated with the pump and saturating pulses, respectively, 
given by W ( t )  = I ( t ) .  o l h v ,  where I ( t )  is the intensity, o is 
the corresponding pump absorption or laser-stimulated emis- 
sion cross section, and h v  is the photon energy; z3 and z7 are 
the lifetimes of the initial and terminal-laser-level manifolds, 
respectively; and the thermal occupation factors of the actual 
Stark sublevels of the laser transition, f3 and,f2, are given by 
ji = c - E l . ' k T / ~ i  , where Ei is the energy of the sublevel within 
the manifold and Z; is the partition function for the manifold. 
Given that no other energy levels accumulate significant popu- 
lations, all relevant population dynamics are described by 
Eq. ( 1 )  plus the closure condition No = N1 + N2 + N 3 ,  where 
No is the doping concentration of the crystal and N I  is the total 
population of the 4 ~ 9 1 2  ground-state manifold. 

The rapid thermalization of the initial and terminal laser 
levels within their respective Stark manifolds can also be 
addressed in analytic solutions for laser-energy extraction 
performance15 when saturating pulse lengths are short com- 
pared to the lifetime of the entire terminal-level manifold but 
long compared to the intramanifold thermalization processes. 
In a manner analogous to applying level degeneracy factors,16 
the expression for saturation fluence can be modified to in- 
clude the thermal occupation factors &,, = hv/(.fi + , f 2 ) o s e ,  
where ose is the spectroscopic stimulated emission cross- 
section. This expression reduces to the well-known value of 

= hv/ose for an ideal four-level system (,f3 = 1: f2 = 0):  
and F,,, = hv/20se for a three-level system ( f 3  = 1, , f2 = I ) .  
Simple analytical models are inadequate for the intermediate 
case where laser pulse lengths are comparable to the terminal- 
laser-level manifold lifetime. 

Figure 62.31 also shows small-signal-gain and excited- 
state absorption probes used in measuring the terminal-level 
lifetime. The small-signal-gain probe measures the population 
inversion AN = ,f3 N3 - f2 N 2 ,  while the excited-state absorp- 
tion probe monitors directly the population of the terminal 
r n a n i f ~ l d . ' ~ . ~ ~  Assuming a plane-wave interaction, the time 
dependence of small-signal probe beams propagating in the x 
direction are determined by the population dynamics of the 
initial and terminal laser levels according to simple exponen- 
tial growth and absorption laws 
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where o,, and oEsA are the stimulated emission and excited- 
state absorption cross sections, rcspcctively, and L is the 
sample thickness. The exponential arguments are integrated 
along the path traveled in the sample by the probe beams since 
the populations may vary spatially. Zero population in the 
4 ~ 5 1 2  upper level of the excited-state absorption transition is 
assumed in Eq. (2b) for small probe signals. 

After the initial-laser-level pumping has stopped and after 
an impulse-like saturating pulse has extracted stored energy at 
time to, Eqs. ( la)  and (Ib) become uncoupled differential 
equations with simple exponential solutions 

and 

where N3 (x ,  t o )  and N2(x .  t o )  are the population densities ot 
the initial and terminal laser manifolds, respcctivcly, left by 
the saturating pulse at to. 

Substituting into Eq. (2) gives 

where 

and 

represent the effective excited-state absorption coefficients for 
the small-signal probes at time to. Since the 4 ~ 3 1 2  initial laser- 
level lifetime is cxtrcmely long compared to the lower-level 
~ i f e t i m e , ~ , ' ~  the upper-laser-level population can be taken as 
constant with a value N g ( t )  - N3(tO) .  The final small-signal 
gain after relaxation of the terminal laser level is given by 

Experimental Setup 
Figure 62.32 illustrates the experimental setup. Thin Nd:YLF 

samples approximately 1 and 2 mm thick with nominal 
I-at.-% doping concentrations are intracavity pumped directly 
into the 4 ~ 3 / 2  initial-laaer-level manifold by a free-running, 
tunable Cr:LiSAF pulsed laser. The pump laser is tuned to the 
weak Nd:YLF absorption band at -860 nmusing a birefringent 
tuning filter made from four crystalline quartz plates posi- 
tioned at Brewster's angle. Horizontal polarization is further 
enforced by orienting the stronger n-polarization emission of 
the Cr:l,iSAF rod to match the low-loss horizontal polariza- 
tion of the Brewster tuning plates. The crystalline axis of the 
Nd:YLF sarilple is also horizontal to match the horizontal 
pump polarization with the stronger n-polarization absorption 
for N ~ : Y L F ' ~  (a,,, = 0.3 em-'). Operation in the 'l.EMia 
mode is accomplished with an intracavity aperture in the nearly 
hemispherical resonator. Pump pulses with overall durations 
of approximately 70 p s  and numerous relaxation oscillations 
were obtained typically, as shown in Fig. 62.33. Uniform 
pumping is expected since the sample is optically thin at this 
wavelength. Furthermore, multiple-longitudinal-mode opera- 
tion of the pump laser should smooth out any spatial hole 
burning that might occur early during the pump pulse. The 
diameter of the Nd:YI,F sample's pumped region is approxi- 
mately 1 mm in the vertical direction and elongated in the 
horizontal direction since it is also positioned at Brcwster's 
angle inside the pump laser cavity to minimize reflection losses 
from the uncoated sample. 

L 

a s e ( t 0 )  = f/L I f 2 ~ 2  (x. to) 0sed.t A saturating pulse is generated from an -70-ps (FWHM) 
s=o 

pulse picked from the output of a cw mode-locked Nd:YLF 
laser operating at 1053 nm and amplified to the millijoule 
regime in an unstable. regenerative ring a n ~ ~ l i f i e r . ' ~  The 
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Figure 62.33 
The time evolution of the Cr:LiSAF pump laser and the single-pass. small- 

signal gain through a pumped, I-mm sample. Strong saturation of the pump 
absorption is observed after the first relaxation oscillation. The small-signal 

gain decays after termination of the pump pulse according to a double 

exponential characterized by an early time constant T= 30 ys  and a long time 

constant T =  200 ys. 
- - -- -- -- -- -- - 

saturating pulse is cavity dumped from the regenerative ampli- 
fier and focused to -400-pm diameter in the center of the 
sample's pumped region to achieve high saturation fluences. 
The polarization of the saturating pulse at the sample is vertical 
to align it with the 1053-nm (0-polarization) axis of the 
Nd:YLF sample. 

The small-signal-gain recovery of the Nd:YLF sample is 
measured using the fiber-coupled output of a (2-switched, 

Figure 62.32 

Experimental setup for measurement of terminal- 

level lifetimes; L1. L2, andL3=focusing lenses; D l ,  

Dz, and D3 = fast silicon photodiodes; BTF = 

hirefringent tuning filter; HR = high reflector mir- 
rors; BB = beam block; BS = beam splitter; PP = 

pulse picker; PS = pulse slicer; SLM = single- 
longitudinal-mode laser; A = mode-controlling 
aperture; KG-3 = glass filter. 
- -- - -- - 

monomode Nd:YLF oscillator operating at either 1047 or 
1053 nm. The approximately 200-11s FWHM, bell-shaped 
pulses are split into signal and reference beams that were 
measured by fast silicon photodiodes (- 150-ps rise time) using 
an HP 54720A fast digitizing oscilloscope (4 Gsamples/s, 
1 -GHz bandwidth). The signal-to-reference beam ratios were 
calculated for each shot to monitor the evolution of the single- 
pass, small-signal gain and then averaged over a number of 
shots. The small-signal-gain probe beam is focused to approxi- 
mately a 20-pm spot to spatially sample only the center of the 
saturated gain region. When using the 1053-nm probe beam, 
this spot was image relayed through a spatial filter to minimize 
light scattered from the saturating pulse into the solid angle of 
the signal-detector collection optics. For measurements with 
the 1047-nm probe beam, the probe beam polarization was 
orthogonal to the saturating pulse, and a thin-film polarizer 
was used to reject the scattered light. The actual single-pass. 
small-signal gain was obtained by removing passive effects, 
such as Fresnel reflections, and scattering in the sample mea- 
sured by the signal beam when the sample was unpumped. 

The transient excited-state absorption from the 4 ~ 1 1 , 2  

terminal level was measured with a cw dye laser using DCM 
Special Dye (Lambda Physik LC 6501). The dye laser was 
pumped by a 5-W cw argon ion laser, and the output was tuned 
to 660.4 nm using a three-plate. quartz. birefringent tuning 
filter. A mechanical shutter was used to gate I-ms square 
pulses, both to reduce the average power incident on the fast 
silicon photodiode and to preserve its fast response time 
(-150-ps rise time). A 2-mm-thick KG-3 Schott Glass filter 
was used toeliminate 1053-nm light scatteredfrom the saturat- 
ing pulse while passing the 660-nm probe beam. The 
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time-resolved measurements of optical transmission were av- 
eraged over a number of shots. 

Results and Discussion 
Figure 62.33 illustrates a typical evolution of the single- 

puss, small-signal gain at 1053 nm achieved in a I-mm-thick 
sample by the pump laser. Peak single-pass, small-signal gains 
greater than 2.5 were achieved in I-mm-thick samples, and 
gains in excess of 4.0 in a2-mm sample. The small-signal gain 
exhibits a double-exponential decay with lifetimes ( z =  30 p s  
and z= 200 ps) substantially shorter than published values for 
the fluorescence lifetime6.I8 for these low-doped crystals; 
however, even the fast component of this decay is still ex- 
tremely long compared to the terminal-level lifetime. The 
reduced fluorescence lifetime appears to be related to the 
extremely high population inversion densities and visible 
fluorescence observed from the samples. which is likely the 
result of up-conversion processes promoted by the intense 
pumping. Background small-signal gain and excited-state ab- 
sorption measurements taken without the saturating pulse 
present revealed no effect on laser-level population dynamics 
related to the intense pumping or the observed up-conversion 
processes on the time scale of the terminal-level lifetime. 

Figure 62.34 illustrates a typical small-signal-gain (G,,) 
recovery measurement using the 1047-nm probe beam. The 
small-signal gain measured for a single pass of the probe 
beam through the pumped sample drops rapidly as the saturat- 

Sample #4 (2 mm) 1 
3.4 1 1 50 shots averaged 4 

~ 7 4 4 9  Time (ns) 
-- -- - -- 

Figure 62.34 

A typical small-signal-gain recovery measurement using the 1047-nm probe 

beam. The small-signal gain of a saturated sample (#4) recovers after passage 

of a short saturating pulse al t = 0. (Note the split vertical scale.) Curve fits 

using Eq. (321) for t > 0 for different samples are given in Table 62.IV. 
-- 

ing pulse extracts stored energy at time t = 0. The small dip 
observed at t = -10 ns is caused by a prepulse leaked one 
roundtrip before the regenerative amplifier is cavity dumped. 
The smooth recovery after t = 0 to an asymptotic value caused 
by relaxation of the terminal laser level can clearly be seen 
along with a nonlinear exponential best fit to Eq. (33). 
Table 62.1V presents average curve-fit values for the terminal- 
level lifetime of three different samples using both the 
1047- and 1053-nm probe beams, as well as the standard 
deviation of the curve-fit values. No variations were observed 
for different positions in the samples measured, and excellent 
agreement is found from sample to sample. 

Figure 62.35 displays a typical transient excited-state- 
absorption (ESA) measurement using anotherNd:YLF sample. 
Larger transient ESA measurements were observed for n- 
polarized probe beams. The transmission through the pumped 
region of the sample is unity until the saturating pulse rapidly 
populates the terminal laser level at time t = 0. The observed 
transmission of the sample decreases rapidly and then returns 
to its equilibrium value on a time scale governed by the 
terminal-level lifetime. A nonlinear best fit to Eq. (3b) is also 
plotted. Again, evidence of aprepulse is observedat t =-lo  11s. 
Table 62.IV also includes curve-fit values for the terminal- 
level lifetime obtained from transient ESA measurements on 
several samples that are in excellent agreement with the values 
obtained from the small-signal-gain recovery measurements. 

A.A--"-. -- 

0.99 1 / Curve fit 

~ 7 4 5 0  Time (ns) 

-- -- -- pp - - - 

Figure 62.35 
A typical ESA measurement in a different Nd:YLF sample (#3). Transient 

excited-state absorption from the terminal level occurs afterpassage of ashort 

saturating pulse at t = 0. Curve fits using Eq. (3b) for I > 0 for different 
samples are given in Table 62.1V. 

- - -- - 
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Table 62.IV: Measured values for the terminal-level lifetime of four different Nd:YLF samples using 
small-signal-gain (Gss) recovcry and transient excited-state absorption (ESA) methods are 
consistent within experimental accuracy. 

1 1 1 21.8 1 M.2 1 transient ESA 1 

Sample 

1 

2 

Conclusions 
The terminal-level lifctime for Nd:YLF measured in this 

work is long compared to the pulse lengths encountered for 
mode-locked laser operation and amplification of up to nano- 

second pulses. In these cases, Nd:YLF must be treated as a 
three-level system amenable to standard Frantz-Nodvik gain 
saturation analysis with a modified expression for the satura- 
tion fluence that accounts for rapid thermalization of the initial 

and terminal laser levels within their respective Stark mani- 
folds. Since common Q-switched laser pulse lengths are 
comparable to the terminal-laser-level lifetime measured in 

this work, simple analytical models are inadequate to account 
for terminal-level relaxation during amplification of such 
pulses, and numerical solutions are required to calculate en- 

ergy-extraction performance. 
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