Upconversion and ReducedF, , Upper-State Lifetime
in Intensely Pumped Nd:YLF

Intense diode pumping of active elements doped with i#&d  of increased dopant levels in Nd:YLElose-range multipole
acommon approach to produciaént, reliable, and compact or quantum mechanical exchange interactions between ions in
laser systemJhe high quantum &€iency of diode pumping the 4F5/, upper state andlg;, ground state result in two
can develop laye population inversion densities in they,  excitations at intermediate eggievelsThe rate of additional
upper level that can be lased at eithgmior 1.3um.12The  loss from theé*F5/, upper state introduced by self-quenching
upperstate lifetimer is an important parameter for engineer generally increases linearly with dopant concentration. It is
ing such lasers since itfatts the achievable stored-egyer shown in this work that significant reductions in thieetive
density for a given pumping scheme and ultimately determinagpperstate lifetime also result from ETU processes at high
the output engy of the laserThe long%F5, upperstate  population inversion in Nd:YLFETU, also known as nonlin-
lifetime of Nd:YLF (~520us for 1-at.% doping%) makes it ear self-quenching, is analogous to self-quenching except
an attractive laser material. interactions between two ions in the;, upper state promote
one ion to a highelying enegy level at the expense of
Figure 65.36 depicts several egyitransfer mechanisms demoting the other ion to a lower level. In this case, the
active in Nd:YLF that can reduce thefeftive *F5/, upper additional loss rate from the upper state is proportional to the
state lifetime, including concentration quenching andsquare of the excited-state ion density
enegy-transfer upconversion (ETU). Concentration quench-
ing, or self-quenching, of the uppstate lifetimé& "’ is a In this work, high population inversions are achieved by
well-known cross-relaxation process that limits the benefitglirectly pumping from the ground state into ttey, upper
state with an intracavity-pumping arrangement in a tunable,
(b) pulsed Cr:LiSAF laser shown in Fig. 65.3he approxi-
A mately 1.4-mm-thick, uncoated Nd:YLF sample is placed
inside the cavity at Brewstar angle with the pump laser
polarization matching the strongespolarization absorptidn
(a) in the range of approximately 855 to 885 Mgy mode
operation is accomplished with an intracavity aperture in the

4 & 4
Fai2 1> Fals—@— > nearly hemispherical cavityypicalQ-switched pulse lengths
v W njng were approximately 200 ns (FWHM).
— worf
Y — Both a1053-nm small-signal-gain probe beam and fluores-
I cence, collected at both 1047 and 1053 nm, are used to monitor

the population dynamics of the pumped sample small-

4 —&— |0> — 0> . . . ;
lor2 . 10 10 signal-gain probe beam is focused to an approximatelyns0-
Concentration Energy-transfer . : .
quenching upconversion (ETU) spot in the center of the pumped region and measured with an

E7828 amplified silicon diode (Thorlabs PDA150). 10531 nm
(FWHM) interference filter and a 2-mm-thick piece of RG-

Figure 0536 1000 filter glass, along with Il apert dt
Energy-transfer processes introduce additional losses that reduce the efféc- liter glass, along with a small aperture, are used o pass

tive 4F 3/, upper-state lifetime. (a) Concentration quenching rates depend oRNlY the 1053-nm probe beaiihe small-signal gain is used to
ground state population densities, which are equal to doping concentra- measure the absoluf€s, upperstate population achieved,
tions under typical operating conditions. (b) Energy-transfer upconversiogiven the dective stimulated emission cross sec%iorﬂossz
(ETU) rates depend on the square of the excited-state population deﬁsity, 1.9x 1019cm2. The 14m fluorescence from the sample is
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Figure 65.37
Q\Nd:YLF Anintracavity pumping scheme achieves high popu-
sample lation inversions in Nd:YLF. Q/S—Pockels cell
Q-switch; HR-high-reflector mirrors; PMT—pho-
Small-signal- Monochromator tomultiplier tube; @—amplified silicon diode.
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collected and imaged onto a 406+ pinhole to sample ap- sion fluorescence measured at approximately 530 nm under
proximately the same volume as the small-signal-gain probsimilar conditionsVisible fluorescence is also observed near
The fluorescence is measured using an S-1 photomultipli&91 and 665 nm with similar decay dynami@$e long
tube (Hamamatsu R5108), cooled td€pand fitted with a duration and nonexponential nature of this upconversion fluo-
105%7.5 nm (FWHM) interference filter and a 2-mm-thick rescence are consistent with several predicted two-body ETU
piece of RG-1000 filter glass. Upconversion fluorescence iprocessedthat promote ions from tH& 5/, upperstate popu-
collected and imaged onto the 2ffrentrance slit of a 1/4-m lation to the highelying G, and?Gg,, manifolds. Since the
Jarrel-Ash monochromator and measured using an uncooldidetimes of these latter states are very shoi (LO[As), no
multi-alkali photomultiplier tube (Hamamatsu R928he

2.5< magnification of the imaging/collection opticsfesf- 1.00 — , P —
tively samples a 10 width around the center of the § 8  10f §
pumped region. - R [ .

B 8 o4 T
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Figure 65.38 shows the time evolution of fifg,, upper- Measured § _;3 oLk

state population normalized to the doping concentration, 0.10 / §§ TE E
n = N/Nyg , after intense pumping with an ~200-ns (FWHM) 8 0001 ]
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Q-switched pulséAt early times when lgie population inver Time (us)

sions exist, there is a strong departure from the simple

Normalized upper-state population (N/Nng in %)

exponential decay that ultimately occurs at long times and 0.01 & er;c?rintial .
lower inversions. Higher time-resolution measurements show - 3

a rapid initial decay consuming approximately 10% of the N ]
initial population for times shorter than approximately.40 - Upper limit for flashlamp- 1
The horizontal dashed line in Fig. 65.38, representing the pumped Nd:YLF X
approximate maximum uppstate populations achieved in 0.001 ——~—-»d—l 1
typical flashlamp-pumped Nd:YLF lasers, illustrates that the 0 400 800 1200 1600 200C
nonexponential decay associated with the two-body ETU Time (ps)

process is observed only at inversion densities typical of Fres

intensely diode-pumped lasers. Figure 65.38

Measured population decay of thes/» upper state normalized to the dopant
An ETU loss channel from ﬂT’éFg,/z upper state is con- ionconcentration. Inset: Visible upconversion fluorescence decay measured
firmed in the inset to Fig. 65.38, which illustrates UpCOﬂvel’under similar experimental conditions.
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significant population accumulates in these levels and thiey plotting the time derivativern/dt at each time of the decay
resulting fluorescence reflects the ETU raftee rapid de- versus its corresponding population The linear term in
crease in upconversion fluorescence at early tilmedQus)  Eq. (1) represents the fluorescence lifetime of‘ag, upper
is interpreted as static ETU, while the longenexponential state, including both radiative and nonradiative deeay
decay is associated with both migration-assisted ETU and tlomncentration quenching, if present. Quadratic and higher
underlying fluorescence decay of they, upper state. order terms can be included to represent gnrémansfer
upconversion processes that consume two or more units of
Static and migration-assisted ETU can bédé@ntiated by  excitation per interactiorA two-body ETU process is in-
analyzing the nonexponential decay of ffg,, upperstate  cluded in Eq. (1), as indicated by the quadratic dependence on
population in coordinates specific to each regime. Followingipperstate population. Normallyhe quadratic term would
the approach in Ref. 10, the observed defBys transformed include a factor of 2 to account for the two excitations lost for
to [no exp(—t/r)/n(t)] -1 to remove the underlying fluores- each ETU interaction; howevdor Nd:YLF, ions promoted to
cent lifetimer and plotted in Fig. 65.39 versus the coordinatesigher enegy levels rapidly decay back to tfe;/, upper state
for static and migration-assisted regimesf(ﬁ) and by nonradiative processes. Figure 65.40 graphically displays
1- exp(—t/r), respectively The linear relationship for the the decay dynamics of Eq. (1) along with a quadratic curve fit
migration-assisted coordinates is consistent with migratiorthat best represents the transformed decay Ha¢a.= 523 us
assisted nonlinear self-quenching of they, upper state fluorescence lifetime derived from this curve fit matches very
predicted from the engy-transfer microparameters calcu- well the published valuéd for 1-at.% Nd:YLF while the
lated in Ref. 9The departure from linearity near the origin in quadratic codicient a = 1.0x 10716 cm?/s yields the macro-
Fig. 65.39 is attributed to the initial phase of static ETU.  scopic, two-body engy-transfer upconversion cdiefent.

The“F3, upperstate decay dynamics in Fig. 65.38 can be The efect of ETU processes on eggrstorage in Nd:YLF
transformed into a more familiar “rate equation” form when operating at high population inversions can be estimated
by evaluating the “relative” quantumfieiency® of the 4F s,

dn __ > upper state, defined as
— = —-anc-... 1
i D)
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Figure 65.39

The linear dependence of thigs/» upper-state decay plotted versus dxp

(-t/1) indicates migration-assisted ETU. Measurements are equally spacédgure 65.40

(At = 10us) with time increasing from left to right. An initial phase of static Rate equation form fdtFz/» upper-state population decay dynamics shows
ETU causes the measured plot to depart slightly from Eq. (3), which is alsthe quadratic nature of the energy-transfer upconversion (ETU) process
active at high population inversions.

plotted using measured values forr, andng.
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o 1.0 .
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0 'O & o8l 72% for initial inversion _
2 L - & measuredin Fig. 65.37 )
where 1 is the fluorescence lifetim&he relative quantum E 06 _
efficiency compares the fluorescence yield of a sample withan 2 ! 1
initial populationng to that expected in the absence of gper § 04k ! ]
transferThe analytic solution to Eq. (19, E’- L |
[ |
8 02 _
_ no exp(-t/7) x L 1
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. . . ) Normalized initial upper-state
can be substituted into Eq. (2) and integrated to obtain an population (N/Nig)

analytic expression for the relative quanturiicency EreL

Figure 65.41
InfaTtny +1 Relative quantum efficiency of Nd:YLF under intense pumping calculated
i el B |

Nyl (nO) = 4) using Eq. (4).

atng

which is plotted in Fig. 65.41 using the experimental values fointensity, these important laser operating parameters are ad-
a and 1. A large penalty due to the ETU losses is seen fowversely afected by increasing threshold densities. Using the
normalized*F5, upperstate populations greater than a fewexperimental values for and 7 in 1-at.% Nd:YLF a frac-
percent. For the experimental conditions in Fig. 65.39, thed#nal threshold inversion of only 1% increases ttiective
losses would reduce the relative quantuficieihcy to 72%. It saturation intensity by more than 7% over its value with no
should be emphasized that this analysis underestimates théU losses.
effect of ETU losses since Eq. (1) does not represent well the
rapid initial decay due to static ETU or the likely onset of strong Increased ETU rates should be observed as the doping
three-body ETU processes at hitffy;, upperstate popula- concentration increases for several reasons. First, the macro-
tions. On the other hand, the above analysis overestimates @opic, two-body ETU coftient, a, increases with doping
effect of the ETU losses on eggrstorage in real laser systems concentration in the migration-assisted regime since more
since it compares the relative importance of ETU processes twpantions are present on which to migrate. Second, the higher
fluorescence over an infinite periodn analytical form for  excited-state population densities achievable in higher doped
storage diciency! appropriate for pumping pulsed lasers ismaterials and the strong dependence ofg@ntransfer rates
complicated by the nonlinear nature of fifg, upperstate  on interion separation lead to an increased contribution of
decay dynamics, requiring numerical calculations to evaluatgtatic ETU.
the fraction of pump engy stored in the upper state at the end
of a finite pumping period. In conclusion, a nonlinear loss channel from ffg,,
upper state caused by two-body gyetransfer upconversion
ETU losses also negatively impact cw laser performance ihas been observed in intensely pumped Nd:YLF saniiies.
active elements operated at high population inversion threskess channel significantly degrades the gpstorage capacity
old densitiesny,. These losses must be accounted for in amnd increases the threshold power of Nd:YLF lasers operating
effective saturation intensity at high population inversions.
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