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Abstract

Since the Nd3+:LiYF4 system has some advantage over Nd3*:YAG and Nd3+:YVO4 for high-
power scaling of diode-end-pumping, this system has been investigated under strong excitation,
in this case using a Ti:sapphire pump. The interionic processes responsible for fluorescence
saturation have been determined, due allowance being taken for the significant ground-state
bleaching under these conditions. Their temperature dependence, which is relevant to scaling
consideration, has been investigated theoretically, and found to be rather small over a wide
temperature range. By comparing the experimental data with finite-element rate-equation
calculations, the influence of interionic upconversion is determined quantitatively, and a
published value of the upconversion parameter is confirmed. The spatial dependence of ground-
state bleaching and quenching of the fluorescence lifetime is calculated. Analytical expressions
are derived, including the influence of interionic upconversion, for the dependence of ground-
state bleaching, excitation density, and storage time on pump parameters and dopant

concentration.
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1. Introduction

The laser transition at ~ 1.05-1.06 um in Nd3* has been widely investigated and exploited as a
classical four-level laser system for 35 years. The pump levels as well as the lower laser level are
depleted by fast multiphonon relaxation [1-5], leading to significant excitation solely in the *Fs,
upper laser level. The strong stimulated-emission cross-section allows a low laser threshold,
while the small quantum defect allows high slope efficiency. These favorable features have made
the near infrared Nd3+ laser the solid-state laser of choice for a wide variety of applications
which are not wavelength-specific.

In addition to YAG, LiYF, has also attracted much attention as a host material for Nd3* for
various reasons. These include the wavelength match (1.053 pm) with Nd3+ glass amplifiers, the
long storage time of the Nd3* upper laser level, its natural birefringence, and its relatively weak
thermal lensing on the polarization corresponding to 1.053 pm operation. This weak lensing
gives Nd3*:LiYF, a significant advantage over Nd3+:YAG for power-scaling of diode-end-
pumped systems into the multiwatt region while retaining an output beam of high spatial quality.
Given this interest in Nd3+:LiYF4 it is important to understand and quantify the mechanisms that
may play a significant role under intense pumping conditions. Thus, with increasing pump power
and intensity, the Nd3*:LiYF, system has been shown to exhibit a significantly reduced storage
time under Q-switched operation and a decreasing laser efficiency [6,7].

Furthermore, measurements of the induced thermal lens under lasing and non-lasing
conditions [8-11] demonstrate that significant additional heat is generated in the non-lasing
situation (i.e. for conditions of higher excitation density). The increased heat load has a number
of undesirable consequences, such as spherical aberration in the thermally-induced lens with
consequent degradation in beam quality and higher resonator losses. Ultimately with sufficient
heat load rod fracture will occur. With that effect being particularly pronounced under non-lasing
conditions, Q-switched operation and operation as an amplifier will be especially susceptible. So
a good understanding of the processes underlying this deterioration in performance is required if

optimal performance is to be achieved from diode-pumped Nd3+:LiYF, lasers.



Recent research indicates that this deterioration arises from interionic processes involving
ions in the upper laser level as well as reabsorption of laser photons from several levels [12-21].
A rate parameter for the interionic upconversion process in Nd3*:LiYF, was recently published
by Guyotet al. [19]. The influence of ground-state bleaching and its implication for reduced
pump-absorption efficiencies has as yet not been considered.

In this paper we report investigations of the combined effects of ground-state bleaching,
interionic upconversion, and lifetime quenching in the Nd3*:LiYF, system under intense end-
pumping conditions. The experimental data are found to be in good agreement with a finite-
element rate-equation calculation, which takes into account the spatial variation of the relevant
processes. The spatially resolved influence of upconversion on the storage time of the system is
calculated in the simulation. Approximate analytical expressions for the dependence of ground-
state bleaching, excitation, and storage time on pump parameters and dopant concentration are

derived.

2. Interionic Processes

Several authors [13,21-24] have measured Stark-level energies of various multiplet levels in
Nd3+:LiYF4. A selection from their data is summarized in Table 1, from which the possible
spectral overlap of emission and absorption lines which may lead to the occurrence of interionic
processes can be identified. Since only the 4F3/2 level has a long lifetime, only interionic
processes which involve this level are of significant importance. The partner ion in the process
can also be in this level, leading to upconversion processes, or be in the ground state, leading to
cross-relaxation processes.

The processes which have a direct or indirect (phonon-assisted) spectral overlap between
emission and absorption are presented in Table 2. Four upconversion processes UC-UCy are
identified for Nd3+:LiYF,, which coincide with those suggested for Nd**-doped glasses [17]. For
the three processes UC;-UCj5, see Fig. 1, a direct overlap of the short-wavelength (high-energy)
side of emission with absorption is present in LiYF,, which suggests that these processes may

have a significant influence. The influence of process UC, is probably negligible, because it has



only a phonon-assisted overlap. The dependence of the rates of these processes on the excitation
of the 4F5, level is quadratic.

Two cross-relaxation processes have been suggested [18]: Process CR (see Table 2) exhibits
a direct overlap of the short-wavelength side of emission with the long-wavelength side of
absorption, again indicating the possibility of a significant influence. The dependence of this
process on absorbed pump intensity is less than linear, because the population of the ground
state, which is one of its initial levels, decreases with pump intensity. The energy mismatch of
emission and absorption is relatively large for processes CR, and CR3, making these processes
less likely to occur. In LiYF, it requires the emission of two phonons. Processes CR, and CRj
lead to identical results in the population mechanisms of the system. Thus, they cannot be
distinguished by spectroscopic means.

The interionic processes which may be of importance (UC;-UC5, CR;) are investigated here
with respect to their spectral overlap and its dependence on host temperature between 250 and
500 K. Any temperature dependence of these interionic processes could be relevant to laser
operation, because substantial additional heat is created by cascaded multiphonon relaxation
following each upconversion process, leading to significant increase in temperature, which, in
return, may further stimulate upconversion. A rapid degradation in laser performance with
increase in temperature can then result from unfavorable temperature dependence of various
parameters, such as the thermal conductivity, dependence of refractive index on temperature etc.

As in Ref. [19], we integrate the overlap of calculated emission and absorption spectra. The
positions of the energy levels of Table 1 are used and the simplifying assumptions are made that
all Stark transitions have the same transition strengths and are of Lorentzian shape with a
temperature-independent line width (FWHM) of 30 cm! (this being a typical observed value).
The temperature dependence of the overlap integral arises due to the Boltzmann distribution of
the population densities in the Stark sub-levels of the emitting and absorbing levels.

The three upconversion processes UC;-UC; are all found to be rather insensitive to
temperature changes, the overlap typically changing less than 5 % from 250-500 K. This results
from the fact that both the emission and absorption processes originate from a level (4F3/2) with

two Stark sub-levels which have only a small energy gap and thus have comparable population at



room temperature and which both contribute to transitions in the overlap regions of the
upconversion processes. The cross-relaxation process CR; is found to depend strongly on
temperature, because its overlap region includes transitions originating from the high-lying Stark
levels of the ground state, but the overlap remains small compared to those of the upconversion
processes even at room temperature. A cubic dependence of non-radiative ion-ion interaction on
temperature was found for Nd3+-doped fluoride glasses [15] at temperatures below 100 K.

Calculated values for the Lorentzian overlap integrals L at room temperature (in arbitrary
units) are: L(UC;) = 0.14, L(UC,) = 0.19, L(UC3) = 0.29, L(CR;) = 0.03. According to
Dexter [25], the interaction probability ¢y, is proportional to this overlap integral as well as to
the radiative decay rate A of the emission process, i.e. cpp =< L A. With the radiative decay rates
calculated from Judd-Ofelt theory [26], Ay3 = 11 5], Ayy = 221 571, A4 = 1006 571, this yields
cpaUC)) 7 epa(UCy) / cpa(UC3) / cpa(CR ) < 1.5 571 /425717292 1 /0.3 571, This identifies
processes UC5 and UC, as the most important interionic processes in Nd3+:LiYF4 over the
investigated temperature range from 250-500 K.

Taking further into account that cp, is proportional to the integral absorption cross-section
and using the Judd-Ofelt parameters of Ref. [19], we find cpa(UCy) / cpp(UCs) o<
1.1x10°19 cm2s-1 7 6.2x10°19 cm?s°!. In Ref. [19] a larger ratio between the overlap of UC5 and
UC, was calculated from measured spectra of fluorescence and excited-state absorption at room
temperature. This disagreement possibly originates in our oversimplification of assuming equal
Stark-transition strengths. Nevertheless, these two processes seem to be the most important, with
UC; being stronger than UC,, and both having little temperature dependence in the investigated

temperature range.

3. Experimental

The set-up for the determination of absorbed pump power and fluorescence signal is shown in
Fig. 2. A Ti:sapphire laser with pump wavelength tuned to the Nd3+:LiYF, absorption peak at kp
=797 nm and a measured beam-quality factor of M? = 1.20 is used as a pump source. A pump

power of P, = 305 mW incident on the focusing lens is available, of which a fraction of 1, =



94 % is transmitted into the sample. Different pump powers are selected using a variable
attenuator. The pump beam is focused into the crystal with a lens of focal length f = 50 mm. The
measured beam-waist radius is Who = 30 pm.

A Nd3+:LiYF4 crystal of length / = 6 mm. refractive index n, = 1.46, and a Nd3+
concentration of Ny = 1.59 x 1020 cm™ (= 1.15at.% in LiYF,) is used for the spectroscopic
investigation. The front and back surfaces are antireflection coated at the pump wavelength. The
pump radiation is absorbed on the ground-state transition 419/2 - 4F5/2, see Fig. 1. The
transmitted pump power is measured with a detector.

The absorbed pump power versus incident pump power is displayed in Fig. 3a. The dashed
line extrapolates the fraction of pump power absorbed at low input-power levels and the amount
of ground-state bleaching is therefore indicated by the deviation of the measured data (squares)
from the dashed line. The influence of bleaching, which, in this measurement, is averaged over
the whole sample length and over the gaussian shape of the pump beam, leads to a decrease in
absorption of 10 % at our highest pump power. The sample was placed in the set-up with
arbitrary axis orientation relative to the polarization of the pump light. The relevant effective
absorption cross-section for the arrangement, which was maintained throughout the experiment,
was calculated from the data at low pump power where ground-state bleaching is not present.
The value is Cp = 1.9 x 1020 cm?.

The largest cross-sections for excited-state absorption in the spectral region of the pump
wavelength have values [19] of less than 0.02 of the strong cross-section for ground-state
absorption at 797 nm, and since the excitation of the sample does not exceed 18 % (see later in
Section V), it follows that pump excited-state absorption contributes certainly less than 1 % to
the total observed absorption at 797 nm and hence can be neglected.

The sample is excited on a pump-beam path which is close to one side surface of the sample
in order to minimize any fluorescence reabsorption. The fluorescence signal on the multiplet
transition 4Fyp — 41“,2 at 1.03-1.09 pm is collected from that side of the crystal with an
objective (20x), coupled into a fiber, and analyzed by an ANDO spectrum analyzer. The
objective is positioned in such a way that the fluorescence from a small area of approximately

50 um radius within the first 10 % of the crystal length is detected.



If the fluorescence signal is observed during the process of reducing the distance of the
focusing lens from the sample, with decreasing pump spot-size at the detected area, first the
fluorescence signal increases, as a larger fraction of the transverse extent of the pump is
contained within the detected area. As the pump spot within the detected area further decreases
below ~ 50 um radius, the fluorescence signal begins to decrease, as the entire pump-beam width
is contained within the detected area, but ground-state bleaching increases and upconversion
processes compete more successfully with radiative decay. The minimum of the fluorescence
signal corresponds to the pump focus being located at the detected region of the crystal. Further
reduction of the distance between focal lens and crystal reverses the observed behavior of the
fluorescence signal.

The measurement is performed with the focus in the detected area. The signals of the two
highest fluorescence peaks at 1.047 pm and 1.053 um are added for the determination of the
signal intensity versus pump power. Fig. 3b reveals a significant saturation of the investigated
fluorescence (squares) with a deviation at highest pump power of more than 50 % from the

extrapolated data at low pump power (dashed line).

4. Rate Equations

In a computer simulation involving the relevant levels (ground state and eight excited states, see
Fig. 1) and processes (pump power and configuration, ground-state absorption and depletion, all
lifetimes and branching ratios, three interionic processes, and the crystal data), time- and space-
dependent rate equations describing the Nd3+:LiYF, system are solved numerically. The
population dynamics are calculated and the amounts of ground-state bleaching, upconversion,
and lifetime quenching are investigated.

The Nd3*:LiYF, lifetimes T; represent the intrinsic lifetimes of the system at low dopant
concentration and include radiative as well as multiphonon relaxations. The 4F3 1 lifetime of 74 =
520 ps is taken from Ref. [27] and the 4113/2 lifetime of T; = 20 ns was measured in Refs. [4,5].
The lifetimes of the 2G(1)9/2, 4G7/2, 4G5/2, 4F5/2, 4115/2, and 4113/2 levels are in the order of the

41,3 lifetime. Since no data are available in literature, they are assumed as T; = 50 ns. It is found



that these lifetimes are not crucial for the calculation as long as they are short enough to ensure
that no significant excitation is accumulated in the corresponding levels. In the present case the
calculated excitations of these levels are in the order of <1070 of the ground-state population.

Judd-Ofelt data [26] of Nd3+:LiYF4 for the radiative rates from the 4F3/2 level are: Ay =
619 71, Ay = 1006 sl Ay =221 s Ay3 =11 sl Assuming a fluorescence lifetime of 520 ps,
this leads to a nonradiative rate of A . = 66 s'! into the next lower-lying level. The branching
ratios B4j from the 4F3/2 level (including radiative and multiphonon decay) are calculated from
these data in the same way as in Ref. [28]: Byo = 0.322, B4 = 0.523, B4, = 0.115, and Py =
0.040.

All other levels are assumed to decay completely via strong multiphonon relaxation [1-5] into
their next lower-lying levels. Visible fluorescences from the high-lying excited levels 465/2,
4G7/2, and zG(1)9/2 are negligible. These channels contribute with branching ratios of probably
less than 0.001 to the de-excitation rates of the high-lying levels. A few extremely high-lying
levels possess lifetimes in the ps range and may decay predominantly radiatively [29,30], but
these levels are not populated by the dominant upconversion processes investigated here.

The three upconversion processes UC;-UC; of Table 2 and Fig. 1 are considered in the
simulation. The measured parameter [19] of combined upconversion is W = 1.7x10°16 cr/s.
Considering the investigations of Section II, we assume that the individual processes have
parameters W, = 0.01x1010cm3/s, W, = 0.26x107'6cm¥/s, and W3 = 1.43x10°16 cm3/s.
Different values would lead to similar results in the calculation, because all terminating levels of
the upconversion processes exhibit fast multiphonon decays into the 4F5, and 4y levels,
respectively. The cross-relaxation process CR; discussed in Section II is neglected, because its
spectral overlap is comparatively small.

The parameters of the experiment presented in Section III are taken into account. Let z and r
be the variables of longitudinal and radial coordinate within the crystal, respectively. They
represent the discrete longitudinal elements z = | to n covering the crystal length ¢ as well as the
discrete radial cylinder elements r = | to m covering twice the maximum pumped radius wp(z =
n) at the position of the last longitudinal element at the crystal back surface. A finite-element

resolution of n = 8 and m = 15 is chosen for the calculation. With r = (r, z), the space vector,
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ri(r) and ry(r), the inner and outer radii of the radial element r, and A¢(z), the length of the

longitudinal element z, the rate equations for the population densities N;(r) read:

dNg(r)/dt = W3 N42(r) - 137! Ng(r) (1
dN5(ry/dt = Wy Nu&(r) + 157! Ng(r) - 1771 No(r) (2)
dNg(r)/dt = W Ng2(r) + 1971 No(r) - 167! Ng(r) (3)
dNs(r)/dt = Rgs(r) + 141 Ng(r) - 1571 Ns(r) (4)
dNy(r/dt = t57] Ng(r) - 1471 Ng(r) - 2 [W + W, + W3] N42(r) (5)
dN3(r)/dt = Baz T4t Ng(r) - 137 Na(r) + W NgA(r) (6)
AN(O)/dt = Bag Tyt Ny(r) + 137 N3(r) - 571 No(r) + W Ny(r) (7
dN(O/dt = By Tyt Ny(0) + 157t No(o) - 117D Ny (1) + W3 Ng(r) (8)
dNg(r)/dt = -Rgs(r) + Bag T4 Na(r) + 17 L Ny (o). 9)

The absorption coefficient is
o(r) = 0, No(r). (10)

The pump-beam radius (with its waist Wy at the crystal front surface z = 0) is given by

2

5 2
ZzM° A
wp(z)2 = wp02+ P (1)
T W,



The fraction py(r) of the power of the gaussian pump beam [31] contained in the cylinder at r

compared with the total pump power in the longitudinal element z is

Pp(r) 2/ [n wp(z)z] J‘rrz(:) exp[-2 12/ wp(z)z] 2urdr”
1

exp [-2 rl(r)2 / wp(z)z]-exp[—Z rz(r)2 / WP(Z)z]. (12)
The power Py(z) which is launched into the longitudinal element z is calculated as

P\(2) = NP [Ty {0, [pp) exp(Atz) o)1}, (13)

It is an implication of egs. (12) and (13) that after absorption of the pump power in each
longitudinal element a gaussian pump shape is maintained, i.e., a possible degradation of the
gaussian pump shape due to ground-state bleaching and, therefore, radially non-uniform
absorption is neglected. With egs. (10)-(13), the equation for the pump rate Rys(r) per unit

volume from the ground state into the 4F5/2 level reads:

by R@p®
he Afz)n [rz(r)z -1, (r)2]

Rs(r) = {1 -exp[Atz) a(n)] } (14)

h and ¢ denote Planck's constant and the vacuum speed of light, respectively. The rate equations

are solved in a Runge-Kutta calculation of fourth order.
5. Numerical Results

The experimental situation described in Section IIl is modeled with the rate equations of
Section IV taking into consideration the three upconversion processes discussed in Section II (see

Fig. 1). In Fig. 3a the amount of absorbed pump power versus incident power derived from the



simulation (solid line) is compared with the experimental data (squares). For Fig. 3b, the
calculated fluorescence signals on the transition 4F3, — 4Il 12 at 1.03-1.09 pym from all spatial
elements within the first 10 % of the crystal length are summed (solid line). The derived
dependence on pump power is calibrated to the arbitrary units of the measured signal (squares) in
Fig. 3b in such way that the straight-line extrapolation (dashed line) from the low-power
behavior, for experimental and calculated behavior, coincide.

Since ground-state bleaching and especially fluorescence saturation depend strongly on the
lifetime quenching due to upconversion, the good agreement of experiment and calculation in
Figs. 3a and b is a confirmation of the upconversion parameter of 1.7x10°16 ¢cm3/s measured by
Guyot et al. [19]. This value is a factor of two to seven times higher than in Nd3*-doped
classes [17]. Variation of the upconversion parameter used in the simulation and comparison
with the experimental data reveals that our experiment confirms the parameter with an error
margin of approximately +30 %. This result is of importance, because the measurement method
used here is different from that of Ref. [19]. In fact we use this result in a further publication [32]
to calculate upconversion-dependent heat generation and thermal lensing in Nd3*:LiYF,4 and
compare the calculated results with our measurements [11]. We use it here for a spatially
resolved calculation of ground-state bleaching and storage time from the rate equations of
Section IV.

The experimental situation of Section III at highest pump power (P;, = 305 mW) is chosen
for this calculation. The resulting spatially resolved ground-state bleaching is shown in Fig. 4a.
At the point of highest pump intensity (the center of the gaussian pump beam at the crystal front
surface) the ground-state bleaching reaches 18 %. Since the 4F3/2 level is the only metastable and
significantly populated level, its excitation is equal to the amount of ground-state bleaching.

The concept of "lifetime” or "storage time" is no longer straightforward when non-linear
processes are involved in the de-excitation, as in the case of the upconversion processes from the
4F;,, level. The fluorescence decay is not exponential and a lifetime cannot be associated with
this decay. One can define a 1/e-decay time, i.e. the time for the excited-state population to decay
to l/e from its initial value. However, the contribution to the decay rate resulting from

upconversion decreases significantly over the 1/e-decay time. A more appropriate definition of
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the storage time under cw excitation is the inverse depletion rate of the 4F3/2 level in the steady
state. It can be measured as the inverse fluorescence decay rate at the moment the pump is
switched off. This definition will be used in the following.

The spatially resolved storage time as calculated from our rate-equation model is shown in
Fig. 4b. At the point of highest pump intensity, the storage time drops from 520 to 145 ps (for
comparison: the I/e-decay time at this point is 208 us). Experimental detection of the
fluorescence decay from the side surface will lead to an average over the different radial decay
rates of Fig. 4b. Integration of the fluorescent emission over all spatial elements within the first
10 % of the crystal length yields a storage time of 186 pus. The averaged absorbed pump density
in the corresponding volume is 25 W/mm3. This lifetime quenching, in combination with
ground-state bleaching (Fig. 3a), leads to the fluorescence saturation measured and calculated in
Fig. 3b. Ground-state bleaching is decreased by lifetime quenching. Without upconversion, the
amount of ground-state bleaching would be much larger (e.g., 43 % at the point of highest pump
intensity).

Fig. 4 may serve as an example to demonstrate that under non-lasing or Q-switched
conditions high excitation of the upper laser level and consequent upconversion losses will
significantly affect the storage time of the system. The Ti:sapphire intensity incident on the
crystal is 10 kW /cm? in our experiment. Such an intensity can easily be provided by beam-
shaped high-power laser-diode bars [33] as well. Hence, the results presented here are also

applicable to high-power diode-pumped Nd3+:LiYF, lasers.

6. Analytical Treatment

The rate-equation scheme of Section IV can be simplified by considering that 1) levels 1-3 and
levels 5-8 exhibit a fast decay to the ground state and level 4, respectively, 2) the different
upconversion processes lead to similar results concerning the populations of levels 0 and 4 and
can thus be expressed by a single parameter W = 1.7x10°16 cm3/s, and 3) the effect is for only
one excitation to be removed from level 4 by each upconversion process, because the excitation

of its high-lying terminating state will decay and return to its initial level. We further assume 4) a
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small element of length x and area A, into which a pump power P| or pump intensity I} is
launched. The above considerations lead to the reduction of the rate-equation system (1)-(9) to

two rate equations,

dN/dt Ros - T4 1 Ny - W N42 (15)

No Ng- Ny, (16)

for the 4F3/2 level and the ground state. Expansion of the pump rate of eq. (14) into a Taylor

series yields

A, P
R = [1-exp(xo.Ny] & —L
04 [ p( p O)] he x A
Mo LN (17)
=g, — )
p he 1+Y0
Introducing the abbreviation
C M | (18)
= 0, — 1,
P he !

combination of egs. (15)-(17) provides the excitation (and ground-state bleaching):

N, = {- (g +O) + (g1 +O)2+4W NG}/ 2 wW). (19)
The storage time including upconversion quenching is then given by

Toff ! = 1,7+ WNy (20)

which is the sum of the depletion rates in eq. (15).
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Equation (19) represents an analytical expression for the dependence of ground-state
bleaching and excitation of the 4F3/2 level on pump intensity, absorption cross-section, and
dopant concentration under the consideration of interionic upconversion. From eq. (20) the
averaged or, in successive longitudinal steps, the spatially resolved lifetime quenching of any
specific device can be calculated. Using the parameters of Sections IIl and IV and assuming a

uniform pump intensity within a cylinder of radius w_y = 30 um as well as P; = 0, Py, we

p
derive a storage time of 187 ps. This value is in good agreement with the result of 186 ps, which
was obtained in Section V from integrating the spatially resolved solution of the full rate-
equation system over the first 10 % of the crystal length.

This result shows that under non-lasing conditions the radial approximation of a gaussian
beam of waist W0 by a uniform cylindrical beam of radius Wy can give a good approximation
despite the fact that the upconversion process involved is non-linear. This also explains why our

spatially resolved approach is able to confirm a parameter that was in fact derived by solving

equations that were not spatially resolved [19].

7. Conclusions

Ground-state bleaching and fluorescence saturation were measured in Nd3+:LiYF4 under strong
Ti:sapphire excitation. The experimental data were found to be in good agreement with measured
data obtained from a finite-element rate-equation calculation. The published value of the
upconversion parameter of 1.7x10°16cm3/s has been confirmed with good accuracy. The
temperature dependence of the involved interionic processes is probably small over a wide
temperature range. A spatially resolved ground-state bleaching of up to 18 % and a quenching of
the storage time from 520 down to 145 ps at the point of highest pump irradiance were calculated
in the simulation for a gaussian pump of 305 mW focused down to a radius of 30 ym. The
radially integrated storage time is 186 ps for an absorbed pump density of 25 W/mm3,
Approximate analytical expressions for the dependence of ground-state bleaching, excitation

density, and storage time on the parameters of pump intensity, absorption cross-section, and
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dopant concentration under the influence of interionic upconversion were derived and the
validity of the analytical approximation was confirmed.

The presence of the upconversion processes is shown to have a significant effect on the decay
of excitation from the 4F3/, level under pumping conditions not dissimilar from those used in
actual end-pumped laser devices. A consequence of this additional decay rate is that significant
extra heat loading can occur in Nd3+:LiYF4 when high excitation density is involved, as for
example in Q-switching or in an amplifier configuration. Further experiments have quantitatively
confirmed the strong contribution to thermal lensing made by the upconversion processes, and,
now that a quantitative model is available, appropriate design strategies can be derived for

significant power scaling of diode-end-pumped Nd3+:LiYF, lasers.
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Table 1. Stark-level energies [cm™!] of various multiplet levels of Nd3*:LiYF,. The second
column refers to the theoretical number of Stark levels. Data are summarized from the given

References. Italic style denotes a calculated value.

Level St {No.l No.2 No.3 No.4 No.5 No.6 No.7 No.8 |Ref.
2P s 1 |23420 [22]
2G(1)gp | 5 | 21016 21066 21079 21084 21119 [22]
4G, 4 119055 19071 19172 19201 [21]
4Gy 3 117154 17265 17293 [13]
4F1) 2 11538 11597 [23]
i< 8 |5848.5 59095 59449 60315 63126 6346.1 63900 643138 | [24]
Miap 7 139472 39759 39939 40235 42044 42143 42395 [24]
1,1 6 |1997.1 2040.1 20424 20770 22268 22610 [24]
Uos 5 00 1321 1825 2472 5266 [24]




Table 2. Overlap of emission and absorption of possible interionic processes. Given are the
emission process, its energy width AE_ . the absorption process that leads to direct or indirect
overlap of emission and absorption, and its energy width AE_; .. Processes CR, and CRj lead to
identical results in the population mechanisms of the system and cannot be distinguished by

spectroscopic means.

Process Emission AE,_ [cm!] Absorption AE. ;. [em'!]
UC, |4F» - s | 5106-5749 | 4F.)y — 4Gy 5557-5755
UC, | 4Fyyp = *yap | 7299-7650 | *Fyp — 4Gy 7458-7663
UC, | 4F:y = 4y | 9277-9600 | *Fapy — 2G(Dgp 9468-9578
UC, |4F:, - Yy, | 11011-11597 | 4Fs) — 2Py, 11822, 11879
CR; [|%F.), = %c | 5106-5749 | %gp = “y5p 5322-6432
CR, |4F., = %<p | 5106-5749 | 4y, — *yap 3421-4240
CRy | 4F2p = 42 | 7299-7650 | 415, — 41,<) 5322-6432




Figure Captions

Fig. 1. Energy-level scheme of Nd3+:LiYF4. Energy levels which are denoted by their
spectroscopic terms are included in the computer model. Processes that are relevant for the
population of the 4F3/2 level: pump absorption with a rate Rys, fluorescent transitions from the
4F3/2 level, upconversion processes UC;, UC,, and UC; from the 4F3/2 level. Cascaded

multiphonon de-excitation following each process is indicated by a dashed line.

Fig. 2. Experimental set-up for the measurement of pump absorption and fluorescence intensity.
The pump excitation occurs close to the surface from where the fluorescence is collected. The

fluorescence is detected within the first 10 % of the crystal length.

Fig. 3. a) Absorbed pump power versus incident pump power: experimental data (squares),
calculation (solid line), and deviation from extrapolation (dashed line) of the low-power data
owing to ground-state bleaching. b) fluorescence intensity versus incident pump power:
experimental data (squares), calculation (solid line), and deviation from extrapolation (dashed

line) owing to ground-state bleaching and upconversion.

Fig. 4. Calculated spatial resolution of a) ground-state population and b) *Fs, fluorescence
lifetime versus the crystal length of 6 mm and the 1/e? gaussian pump radius at the crystal front
surface of 30 um. The front-left corners of the figures represent the center of the gaussian pump
beam at the crystal front surface. The pump power is 305 mW, which corresponds to the highest

power available in the experiment.



Figure 1

M

M. Pollnau et al.

9
8=“G(1)9/2 [
4 -
7="Gyp . |
4 ‘ .
6="Gsp ; )
] ‘ |
l | |
_ 4 . ‘
S= 4F5/2 . ' : l
- N/ \/ N/ N/
= "F3p u
‘
| UC, |UC, |UC,
!
_4 |
3="T1sp ‘ &
» L :
2="1j3p ™ ——X
4 ) o
I="11p ] ] \ll/
4 VANV IERVERY
0= "Igp

Opt. Commun.



Figure 2

lens

23

M. Pollnau et al. Opt. Commun.

sample

—

variable
attenuator

pump

S ower meter
objective P

transmitting system

spectrum analyzer




Figure 3 a)

24

M. Pollnau et al.

300

—_ 250 T /
%200 +
S50 +
2100 +
& 50 -

0

0O 100 200 300
I:’in [mW]

Opt. Commun.



Figure 3 b)
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Figure 4 b)
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