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We numerically investigate the power and energy scaling potential of cryogenic Yb:YLF regenerative amplifiers in
rod geometry. Our approach is based on solving the coupled set of equations describing thermal behavior of the
material and its effect on spectroscopic properties, gain, and overall amplification. The approach is first bench-
marked with earlier experimental data. By carefully analyzing the sensitivity of the system to operation parameters,
we see that the relatively low gain nature of the Yb:YLF and the onset of thermal effects are the main factors that
limited the performance in earlier experimental work. We show that usage of dual-rod geometry promises much
improved performance. Specifically, we demonstrate that sub-250 fs pulses with an average power of up to 270 W
and a peak power above 500 GW can be extracted directly from a single-stage Yb:YLF regenerative amplifier
employing dual Yb:YLF rods. We further show that by adjusting the spot size in the regenerative amplifier, one
can operate the amplifier in either high-energy mode (>100 m] at 1 kHz) or high-average-power mode (>25 m] at
10 kHz, with >250 W). We also discuss pros and cons of Yb:YLF with respect to Yb:YAG, and underline the need for
measurement of population and photo-elastic-effect-induced lensing in Yb:YLF to obtain a better understanding of
Yb:YLF systems. The findings presented in this work can be used for the design and development of next-generation
high-average and peak-power Yb:YLF amplifier systems. ~© 2020 Optical Society of America
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1. INTRODUCTION

Yb:YAG gain media combine the simple and favorable energy
level structure of the Yb ion with the thermo-mechanical
strength of the YAG host, and as a result, it enables development
of leading-edge high-power and high-energy laser/amplifier
systems [1-9]. On the other hand, the narrow and steep gain
profile of Yb:YAG results in strong gain narrowing that is hard
to compensate for (Fig. 1). As a consequence, the pulse widths
obtainable from Yb:YAG amplifiers are limited to 500 fs to 1 ps
at room temperature and to a few picoseconds at cryogenic tem-
peratures. Moreover, the thermo-optic coefficient (dn/dT) and
the polarizability difference parameter (Aw: scale of population
lensing) are both positive in Yb:YAG, resulting in an earlier
onset of thermal lensing, especially in rod geometry.

As an interesting alternative, the Yb:YLF gain medium shows
broad emission bands even at cryogenic temperatures [10—14].
Specifically, the E//a axis emission of the uniaxial Yb:YLF
gain medium, centered at around 1016 nm, has a full-width
half-maximum (FWHM) of about 10 nm (Fig. 1). The emis-

sion spectrum is also rather smooth/flat, which minimizes
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gain narrowing upon amplification [15]. In carefully designed
systems, amplified pulse widths below 250 fs should become
feasible [16]. Furthermore, eatlier experimental work indicates
that Yb:YLF combines a negative thermo-optic coefficient
with positive population and/or photo-elastic-effect-induced
lensing, and when combined, this results in a relatively small
positive thermal lens [15]. As a result, compared to Yb:YAG,
this provides a lower amount of beam distortion per heat
load. Furthermore, efficient lasing can be obtained in heavily
doped Yb:YLF samples as well [17,18]. On the other hand, as
a disadvantage, in general the thermo-mechanical strength of
Yb:YLF is not as high as for Yb:YAG (see Table 1 in [1] for a
detailed comparison). Moreover, the broadband E /2 emission
around 1016 nm has a relatively small emission cross section
value (14 times lower when compared to cryogenic Yb:YAG),
which results in a relatively low gain and high saturation fluence
(~14]/cm?) system that is sensitive to cavity losses. Hence,
optimization of Yb:YLF amplifiers is difficult, especially for the
broadband E //a axis transition.
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Fig. 1.  Comparison of effective gain profile of cryogenic Yb:YLF

with Yb:YAG in frequency domain. The centers of the gain spectra
are shifted to base band for better comparison. The graph contains
the broadband 1016 nm emission band of Yb:YLF (£ //a, 80 K), the
narrowband 995 nm emission band of Yb:YLF (£//c, 80 K), and
1030 nm band of Yb:YAG at room and cryogenic temperatures. An
inversion level of 25% is assumed for room-temperature Yb:YAG, and
all curves are shown in normalized units.

The amplification potential of Yb:YLF has already been
explored, but only in a few studies [19-23]. Using regenera-
tive amplifiers, pulses with 30 m] energy at 20 Hz [19], 20 m]
energy with up to 3.5 kHz [15], and up to 5 m] energy at 10 kHz
[15,20] have been demonstrated using the broadband E//«
axis of Yb:YLE In multipass amplification geometry, pulse
energies up to 190 mJ have been reported at 10 Hz [23], and a
pulse energy of 10 mJ was demonstrated at 10 kHz [21]. The
strong and narrow gain peak around 995 nm in the £ //¢ axis of
the medium has also been recently explored to demonstrate up
to 40 W of average power in a multipass amplifier seeded by a
cw source (Fig. 1 shows the emission profile for this transition
as well) [22]. However, the literature lacks a detailed study
investigating the limits of Yb:YLF regenerative amplifiers in rod
geometry.

In this work, we numerically explore the power and energy
scaling potential of Yb:YLF regenerative amplifiers in rod
geometry in detail. We show that significant improvements
beyond the earlier Yb:YLF regenerative amplification results in
the literature are possible: (i) by utilizing an optimized broad-
band (>15 nm) seed source with adequate stretching and (ii)
by exploiting a dual-rod geometry. The adequately stretched
(~2 ns) broadband seed permits extraction of higher energies
by increasing the laser-induced-damage threshold (LIDT). The
dual-rod geometry significantly boosts the gain, and enables
operation of the regenerative amplifier at higher repetition
rates and average power. Specifically, sub-250 fs pulses with an
average power up to 270 W and a peak power up to 600 GW
look feasible by using the E//a axis of Yb:YLFE. By adjusting
the spot size employed, the system could be optimized either
as a high-energy and -peak power tool at moderate repetition
rates (~100 mJ at 1 kHz), or as a high-average-power source
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(>25 m] at 10 kHz, with >250 W). We hope the findings pre-
sented in this work will be useful to laser engineers and scientists
working with Yb:YLF systems.

The paper is organized as follows. Section 2 presents details
on the investigated regenerative amplifier geometries, and
briefly presents the numerical model that has been applied. In
Section 3, we discuss the estimated thermo-mechanical behavior
of the Yb:YLF rod under thermal load. Section 4 summarizes
calculated amplifier performance in detail. Finally, in Section 5,
we conclude with a brief discussion.

2. DETAILS OF THE INVESTIGATED YB:YLF
REGENERATIVE AMPLIFIER GEOMETRY AND
NUMERICAL MODEL

A. Investigated Regenerative Amplifier Geometries

In our analysis, we have investigated two different but quite
similar cryogenic Yb:YLF regenerative amplifier cavities. The
first one, shown in Fig. 2(a), is almost identical to what we have
explored in a recent experimental campaign [15]. A state-of-the-
art laser diode module provides up to 2 kW of pump power at
a central wavelength of 960 nm, from a 600 pm core diameter
fiber, with an estimated M? of 220. The pump light is collimated
and imaged inside the gain medium using a set of appropriate
lenses (f1-£3). The 1% Yb-doped Yb:YLF gain medium is 2 cm
long and has 3 mm long un-doped end cap diffusion bonded
sections on both ends (total crystal length: L =26 mm), and
occupies a cross section of 10 mm (H: height) x 15 mm (W
width). The crystal is indium bonded from the top side to a
multi-stage pyramidal cold head, which was cooled to cryogenic
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Fig.2. Schematics of the cryogenic Yb:YLF regenerative amplifiers
that have been modeled in the simulations. (a) Ring cavity with a single
Yb:YLF crystal and (b) standing wave cavity employing two Yb:YLF
crystals. DM, dichroic mirror; f1-f5, lens; W, antireflection coated
window; PC, Pockels cell; QWP, quarter-wave plate; HWD, half-wave
plate; TFP, thin-film polarizer; PBS, polarizing beam splitter cube; FR,
Faraday rotator; HR, high-reflector mirror; BD, beam dump.
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Fig. 3. (a) Yb:YLF crystal bonded to the heat sink via indium

bonding. The heat sink is designed in pyramid structure to improve
heat extraction efficiency via heat spreading. The top part of the heat
sink is in direct contact with liquid nitrogen. (b) Simplified geometry
used in thermal simulations, which contains only the Yb:YLF crystal
and the indium bonding layer.

temperatures by liquid nitrogen (Fig. 3). One side cooling cre-
ates asymmetry in cooling; on the other hand, it is still preferred
to ease escape of unused inversion via spontaneous emission.
The pyramidal structure enables efficient heat spreading and
boosts the heat extraction capability of the structure [24,25].
The bow-tie type regenerative ring cavity consists of two curved
dichroic mirrors (DMs), and two flat high reflectors (HRs).
Two thin-film polarizer’s (TFPs), a half-wave plate (HWP),
and a Pockels cell (PC) were used for seeding of the amplifier.
The system is seeded by stretched pulses from a fiber front-end
system similar to what is described in Ref. [20].

The second regen cavity that is explored is quite similar but
employs two Yb:YLF crystals with identical specs to boost up
the gain of the system. In this case, the pump is split into two
equal parts using a polarizing beam splitter (PBS) cube, and
the Yb:YLF crystals are pumped with equal amounts of pump
power from each side. The estimated pump absorption of a
single crystal is >80%—90% even under saturation conditions;
hence, there is little crosstalk between the Yb:YLF crystals via
the remaining unabsorbed pump light. The second regenera-
tive amplifier cavity shown is an X-type standing wave cavity,
where the PC is used in quarter-wave mode to couple in/out
the seed beam. Hence, we assume that the simulated cavities
are either ring or standing wave cavities, employing either a
single- or double-gain element, and the cavity type should be
chosen based on the spot size required. Basically, PCs with larger
aperture are available in quarter-wave mode; hence, standing
wave cavities might be the only solution for large-spot-sized
systems. In terms of our numerical analysis, ring and standing
wave cavities are equivalent.
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B. Thermo-Mechanical Model

In our analysis, we first investigated the thermo-mechanical
behavior of the Yb:YLF crystals under thermal load, since the
temperature of the gain element could significantly influence
effective gain. In our earlier work, we saw experimentally that
the maximum average pump power that could be handled
effectively by a single Yb:YLF rod laser/amplifier (Pyps,max) Was
roughlyaround [1,15]

1
Pabs,maxzssow"f_ Epouu (1)

where P, is the average output power extracted out of the
system. As an example, for a single-crystal regenerative amplifier
system with 100 W average power, the estimated maximum
applicable absorbed pump power is around 400 W. For the
dual-rod system, we assume that the total absorbed pump
power could be roughly doubled (this issue will be elaborated in
more detail later). Note that we believe this restraint is a result
of the boiling liquid nitrogen boundary condition, where the
Leidenfrost effect limits the heat extraction capability of the
system [27-29]. This limitation could potentially be improved
by surface modification of the inner surface of the heat sink that
is in direct contact with liquid nitrogen [30,31].

For an initial 3D simulation of temperature and resulting
thermal lensing inside the Yb:YLF rod, a simplified model of
the crystal geometry consisting of only the Yb:YLF crystal and
the indium bonding layer was used for the sake of simplicity
[Fig. 3(b)]. We further assumed cw pumping conditions for
the regenerative amplifier, which is the standard case for high-
repetition-rate operation. Then, in steady state, the temperature
distribution inside the crystal, 7'(x, y, 2), is given by Ref. [32]:

V’[/?(x,)/,% T)VT(X,)/,Z)]—{-Q(X,)/,Z):O, (2)

where k(x, y,2, T) is the temperature-dependent thermal
conductivity in different regions, and Q(x, y, 2) is the heat
source density (thermal load per unit volume in the units of
W/m?). The temperature dependence of thermal conductivity
of YLF [33], 1% doped Yb:YLF [33], and indium [34] layers are

modeled via

leyip.o(T) = 218007148, (3)

byt (T) = 3300074, (4)
Frooviyie o (T) = 143007141, (5)
Feroovbeyir. (1) = 21200 7142, (6)
kina(T) = 120.6 — 0.01465 T + 0.0001 77, )]

In Egs. (3)—(7), k is the thermal conductivity in units of W/mK,
and 7is temperature in units of K. Also the 1% Yb:YLF thermal
conductivity data in Egs. (5) and (6) are estimated by linearly
interpolating the data of un-doped YLF and 5% doped Yb:YLF
in Ref. [33]. At a temperature of 120 K, the thermal conduc-
tivity of 1% Yb-doped Yb:YLF is estimated as 16.6 W/mK and
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23.6 W/mK in 2 and ¢ axes, respectively. Note that here we
specified the values at 120 K, since as we will discuss in the next
section, this is our estimated average temperature within the
pumped volume of the Yb:YLF crystal.
The heat source density is calculated via [35]
2,2
ey 5= 2ETD Pttt [_m +y )}

w3, (2) w50 (2)

x Exp [—aeqz] , @)

where FTL is the fractional thermal load, and P, is the incident
pump power. In Eq. (8), w,0(2) is the pump mode radius at
position zwithin the crystal and is calculated using

z—L/2) ’ ©)

2

a)Po(Z) =Wy 14+ (

where zp is the Rayleigh range for the pump beam, which is esti-
mated with

2
1 mw;

=5 %, (10)

2

In Eq. (10), A, is the pump wavelength (960 nm), and M2 is the
beam quality factor of the pump beam (~220). In the thermal
simulations, the total absorbed pump power is taken as 400 W,
along with a pump beam waist (wp) of 1 mm. In Eq. (8), afr is
the effective absorption coefficient of the gain medium that is
estimated from the experimentally measured values consider-
ing: (i) spectral match between the pump spectra and Yb:YLF
absorption profile, and (ii) pump saturation effects [36].

Figure 4 shows estimated distribution of the absorbed pump
power within the Yb:YLF crystal volume. In our analysis, we
have assumed that the FTL is 1.5 times higher than the quantum
defect (QD) due to undesired factors such as radiative trapping
and existence of nonradiative sites [37]:

FTL=1.5(QD)=1.5 (1 — i—f’) (11)
/

where A; is the central laser/amplifier wavelength, which is
expected to be around 1016 nm for amplification in the E //a
axis, corresponding to a QD of 5.5%, and an assumed FTL of
around 8.3%.

A boundary condition in the form of a Newton-type of cool-
ing is assumed in thermal calculations, where we have simply
assumed that the Yb:YLF is cooled from the top surface of the
indium bondinglocated at y = —h;,q [32,35]:

0T (x, y, 2) _ Hiy
a}/ y=—hind kind

(Tin—T1). (12)

The Yb:YLF rod and indium bonding layer contact is assumed
to be located at y =0 [Fig. 3(b)], and the thickness of the
indium (4;,q) is taken as 250 wm. Thermal insulation is assumed
for all the other surfaces. In Eq. (12), 7{x = 77 K is the temper-
ature of liquid nitrogen, and Hi, is the heat transfer coefficient,
which is taken as 20 kW /m?. Note that the heat transfer coef-
ficient value we have assumed here is higher than what can be
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Fig. 4. Pump beam profile incident on the Yb:YLF crystal [length

(L): 20 + 3 + 3 mm, height (H): 10 mm, width (W): 15 mm]. The
pump beam waist is taken as 1 mm. The dimensions are in mm, and the
pump density is in units of kW/cm?. The calculation was performed
for a total absorbed pump power of 400 W.

usually achieved in a regular direct liquid nitrogen boundary
(10 KW/ m? [27-29,35]), and the assumed improvement is due
to the advantages of pyramidal design of the cold head [24,25].
Recent experimental results confirm that nanoscale surface
modification could further be used to improve the heat transfer
efficiency [30,31].

Once the temperature distribution [7(x, y, 2)] is calcu-
lated, the volume element displacement vector function U is
calculated using [32]

-y 2(1+v)

where v is the Poisson’s ratio (taken as 0.33 for Yb:YLF [38]
and 0.435 for indium [39]), and « is the thermal expansion
coefficient and is calculated via [33,40]

V20 + VT, (13)

1—-2v

ayir.(7) = —8+0.1187— 0.000146 7%,  (14)
ayir. (1) = —4.75 4 0.094T — 0.0001577, (15)

aing(7) = 16.24 4 0.0857 — 0.000108 7. (16)

In Eqgs. (14)—(16), « is in units of ppm/K (107¢ m/K), and
T is again in units of Kelvin. At a temperature of 120 K, the
thermal expansion coefficient of Yb:YLF has estimated values of
4.1 ppm/K and 4.4 ppm/K in z and ¢ axes, respectively. While
calculating the displacement vector, we assume that the back
side of the indium solder that is in contact with the bulky cold
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head metal is positioned at y = —Aj,q and is stationary. We also
carefully define specific parameters of Yb:YLF, YLF, and indium
solder in appropriate geometric regions, and the anisotropy of
Yb:YLEF is also taken into account. At this point, the optical path
difference (OPD) variations for the beam passing through the
Yb:YLF rod are estimated using [32,41]

OPD(x, y) = (n, — 1)AL(x, y)

L

+8_n [T(x, y, 2) — Tin] dz, (17)

where the first term corresponds to changes in optical path
length due to deformations in the rod’s surface, and the second
term corresponds to the variation in the index of refraction
with temperature. The temperature dependence of the thermal
coefhicient of refractive index for YLF is calculated using [33]

d

A (1T)=—0.10440.001057 — 0.000053 72, (18)
dTYLF,a

dn - 2

L (1)=—-0.039 — 0.001557 — 0.0000217 2. (19)
dTYLF,c

Note that in Eqs. (18) and (19), T'is in K, and at 120 K, dn/dT
has values of around —0.75 x 107%/K and —2.2 x 107¢/K in
a and ¢ axes, respectively. We could not account for OPD due
to population/electronic lensing in this study, because to our
knowledge, the polarizability difference parameter (Aw) is not
yet measured for Yb:YLF [42]. We are also ignoring the OPD
created by strain-induced birefringence, since to our knowledge,
photo-elastic parameters for YLF are notknown [32,43,44].

C. Amplification Model

In the modeling of the regenerative amplifier performance, we
used the well-known Frantz—Nodvik equations [45-47]. In this
model, if the duration of the amplified pulse and the time of
flight through the amplifying medium are short compared to the
fluorescence lifetime of the gain medium, then one can neglect
spontaneous emission and use the following analytical equation
for the modeling of the amplification process in the amplifier:

jin
Jow = Jouln [1 et (, - 1)] . (20

where Jin (Jou) is the incident (output) pulse fluence, and gg
is the small signal fractional gain. The incident (output) pulse
fluence could be determined simply by Jou = Eouc/ Aer and
Jin = Ein/Aetr, where Aeg is the effective pump/laser beam
area (7 wlz), and £}, and E,, are the input and output pulse
energies, respectively. The remaining parameters in Eq. (20) can
be calculated using the following identities:

hc‘ E)tl

sat — = y 21
] ‘ )"/ (aem + Gab) (Gem + Uab) ( )
Eabs )‘-p
sto — ) (22)
T Aw A
sto Ea s A em al
. Jso o Eabs hp 00 (O +0b)7 (23)

B ]abs B E)»[ Ay Aeff
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Fig. 5. Estimated mode-matching factor (MMF) between the

pump and resonator beams as a function of pump/seed spot size
employed in the regen. The estimation was performed for a 2 cm long
Yb:YLF gain element assuming homogeneous distribution of inversion
along the crystal length. The beam qualities (M? factors) of the pump
and laser beams are taken as 250 and one, respectively. As an example,
inset shows the mode-mismatch between the pump and seed beams
as they propagate through the Yb:YLF crystal for a sample beam waist
of 1 mm (corresponds to a minimum beam diameter of 2 mm at the
center of the crystal).

where /g, is the stored energy density, /g, is the saturation
fluence of the gain medium, 4 is Planck’s constant, ¢ is the speed
of light, Eyp, is the absorbed pump energy, £, is the photon
energy at the laser wavelength, 0,1, (0en) is the effective absorp-
tion (emission) cross section at the amplifier wavelength, and
MMEF is the mode-matching factor between the pump and
circulating seed modes.

In our simulations, the MMF is estimated as a function of
pump/laser spot size employed, by considering the propagation
of pump and laser/amplifier beams within the 2 cm long Yb:YLF
crystal (Fig. 5). In the analysis, the beam waists of pump and
laser/seed beams are assumed to be the same (mode matched)
at the center of the gain element. MMF considers the mode
mismatch between the two beams as they propagate along the
crystal. Due to a significant difference in their beam quality
factor, the pump beam has a significantly shorter Rayleigh range
compared to the seed/laser beam. As can be seen, the estimated
MMEF for a 1 mm beam waist is around 70%, and reduces
sharply for smaller beam sizes.

An accurate solution to the amplification process requires
knowledge of the temperature dependence of effective emission
and absorption cross sections of Yb:YLF around 1016 nm for
the £ //a axis. We have used the known energy-level scheme of
Yb:YLF along with the measured spectroscopic dataat 77 Kand
300 K to obtain the following Boltzmann-distribution-based
occupation formulas for a rough estimation of temperature
variation of effective emission/absorption cross sections in the

77—150 Krange (for £ //a axisat 1016 nm) [12,48,49]:
Oem(T) =0.75 x 1072°[1 — 3.3 x 107(T'—77)

+7.2x107%(T=77)2, (24)

ob(7) = 0.04 x 1072°[0.03 4 0.000025(7 — 77)*]. (25)
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At a temperature of 120 K, the emission and absorption cross
sections of Yb:YLF at 1016 nm have an estimated value of
around 0.65 x 1072 cm? and 0.002 x 107%° cm?, respec-
tively. We see that for lasing at this transition, Yb:YLF is almosta
four-level system at cryogenic temperatures. As a reminder, since
Oem 3> (0 ~ 0), average fractional population inversion (8) of
the material could be roughly estimated using Eq. (23) via

~ go
g Lg(Mb)Gem ' (26)
where My, is the number density of the active Yb ions in the
Yb:YLF sample, and L, is the actively doped length of the gain
material. For an isolated square pump pulse with a peak power of
Pyeaic and a pulse width of 7', the useful absorbed energy by the
gain medium from this single pulse (Eps ;) is

[1 —e 7 ] T -
Eobss = Pabs == = Py,T [1 — 67?] s (27)
T
where Py, and 7 are the absorbed pump power and fluorescence
lifetime of the laser material, respectively. The absorbed pump
power (Pyp) can be estimated by multiplying the pump peak
power (Ppeak) by the overall effective absorption (Abs) of the
gain material. As mentioned earlier, effective absorption of the
material depends on the spectral width and central wavelength
of the pump diode and how it matches to the absorption profile
of the gain medium. Moreover, the pump saturation effect
might also be present, and hence the pump beam diameter
(the pump fluence) and the intracavity circulating regen power
will also influence the effective absorption amount. A simple
Beer-Lambert-type formula could be used for simplification
of modeling, by defining an effective absorption coefficient
(ctefr) parameter that matches the experimentally measured
absorption data for the different configurations [1,15].
Equation (27) above shows that for pump pulses signifi-
cantly shorter than lifetime of the material (7 < ), most of the
pump energy is transferred to useful inversion (Eyps s ~ Pabs 1),
without allowing the spontaneous emission process to relax
the inverted ions. As the pump pulse width increases, the spon-
taneous emission process reduces the available inversion for
amplification. At low repetition rates, the abovementioned for-
mula for isolated pulse absorption, could be used in effectively
estimating the overall absorption (E,ps ~ Ejps;). On the other
hand, as the operating repetition rate of the regenerative ampli-
fier ( frep) increases, the effective inversion is shared by multiple
pulses, and one needs to calculate the amount of inversion left
over from previous pump pulses as well. In such a case, the total
available absorbed pump energy (E.s) for amplification is then
calculated using

N
m
Eabs - Eabs,s + Z(Eabs,: - Eused)EXP <_
m=1 Tﬁcp

) . (28)

where E 4 is the total used energy in the amplification process,
which accounts for energy lost due to losses (Elos) and energy
extracted from the amplifier by the earlier pulse (., which
is the same as the output energy in a stable regen). Note that at
higher repetition rates, the equation calls for an iterative solu-
tion, since the energy extracted from the system by earlier pulses
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(or output energy of the regenerative amplifier) determines the
gain/inversion left for the circulating pulse.

For simplicity, in the simulations performed here, we assume
cw pumping conditions, and the pump pulse width (T) is
then taken as 1/ f,.,, where fi, is the repetition rate of the
regenerative amplifier. Under this assumption, for higher-
repetition-rate operation (frp 3> 1/7 ~ 500 Hz), the pump
pulses are much shorter than the fluorescence lifetime of the
Yb:YLF gain medium, and clearly cw pumping does not provide
any significant drawback. On the other hand, the advantages of
pulsed pumping at low-repetition-rate operation is clear from
Eq. (27); hence, the estimated performance at low repetition
rates in this study could be improved upon pulsed pumping.

In order to solve for the evaluation of the pulse energy in
the amplifier, we have applied Eq. (20) iteratively, with the
output energy of the nth pass taken as the input energy of the
(7 + 1)th pass. In each pass, the variation in the stored energy
in the upper laser level and the effect of cavity losses (L) are also
included. Note also that the effective cavity losses (L) include
the passive losses (L ,) of the optical elements, self-absorption
losses (L,) of the Yb:YLF crystal, and additional losses observed
under thermal load (L., such as clipping of the beam by the PC
aperture due to beam walk-off caused by one side cooling of the
Yb:YLF crystal). For the 2 cmlong 1% Yb-doped Yb:YLF crystal
modeled in this work, the temperature variation of single-pass
self-absorption losses at the central wavelength of 1016 nm
could be estimated using (in the units of %)

L 1016(7) = 0.034 — 0.001(7 — 77) + 0.000025(7 — 77)*.
(29)

By investigating our earlier experimental data [15], we estimate a
total loss level of around 10% for the 1016 nm Yb:YLF regener-
ative amplifier working under a total absorbed pump power load
0f400 W. Around 0.5% of this loss is estimated to be due to self-
absorption losses (L,) based on the thermal simulations of the
system, as will be discussed in the next section.

3. THERMO-MECHANICAL SIMULATIONS

We start presentation of the simulation results with Fig. 6, which
shows the estimated 3D temperature distribution within the
Yb:YLF rod at an absorbed pump power of 400 W. The calcula-
tion is performed for an assumed FTL of around 8.3%, which
corresponds to around 33 W of thermal load on the crystal.
As we can see in Fig. 6, the temperature distribution inside the
Yb:YLF crystal is rather asymmetric. The asymmetry in the y
axis is due to the one-sided cooling of the crystal. On the other
hand, one-sided pumping of the crystal and inhomogeneous
distribution of the thermal load inside the crystal volume also
contribute to the asymmetric thermal profile (creating asym-
metry along the z axis). The maximum temperature inside the
crystal is estimated to be around 135 K. On the other hand, the
average temperature inside the crystal is only around 98 K. Due
to the un-doped caps on both sides, the crystal surfaces stay at
reasonable temperatures, and the maximum temperatures on
the front and back surfaces of the crystal are estimated to be
105 Kand 96 K, respectively.

For an accurate modeling of amplification/gain, the tem-
perature of the crystal needs to be known. On the other hand,
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Fig. 6. Calculated temperature profile of the Yb:YLF crystal at an
absorbed pump power of 400 W. The pump beam waist has a size of
1 mm and is positioned at the center of the crystal. The dimensions are
in mm, and the temperatures are in K. (a) Full 3D profile of tempera-
ture; (b), (¢) 2D temperature profiles at the planes of (x, y, z=1L/2),
and (x, y = H/2, 2), respectively.

a detailed 3D modeling for amplification is time consuming
with current computational capabilities, and also is not really
necessary for a reasonable estimation of amplification. Hence, in
this work, for a practical estimation of spectroscopic properties,
we have used the average temperature within the central region
of the gain element as a first-order estimate for properties. The
average temperature inside the seeded region of the gain element
is calculated to be around 120 K for the 1016 nm Yb:YLF crystal
under an absorbed pump load of 400 W. Note that we have
made several assumptions in thermal simulations including the
value of the heat transfer coefficient at the boundary, the FTL
and the value of thermal conductivity for 1%-doped Yb:YLE
Hence, the temperature calculations we have made here should
be considered as best effort estimates based on available data.
Another important issue to be addressed here is the estima-
tion of thermal lensing of the Yb:YLF rod under thermal load.
This information is useful not only for the successful design of
regenerative amplifier cavities, but also for better understand-
ing of limitations imposed by single-side cooling geometry.
In our system, the seed beam travels along the z axis; hence,
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Fig.7. Calculated variation of optical path difference (OPD) along
the Yb:YLF crystal surface due to thermo-optic effect (variation of
index of refraction with temperature). The dimensions are in mm, and
the OPD is specified in units of waves. The calculation was performed
for a 1016 nm Yb:YLF regenerative amplifier crystal, using a pump
beam waist of 1 mm and an absorbed pump power of 400 W.

we need to calculate the OPD that will be observed for a beam
traveling through the z axis. For that purpose, Fig. 7 shows the
calculated OPD across the crystal cross section (width:15 mm,
height:10 mm) due to the thermo-optic effect for a beam trav-
eling along the z axis. As we expected from earlier calculation of
the temperature distribution inside the gain element [Fig. 6(b)],
the OPD acquired due to the thermo-optic effect is quite asym-
metric along the vertical axis due to the single-side cooling
geometry applied [y axis in our geometry, shown in Fig. 3(b)].
The OPD due to dn/d T is almost zero on the top part of the
crystal, where the crystal temperature is relatively low, whereas
an OPD value of up to —0.81 is observed at the center of the
crystal.

To understand the temperature-induced deformations,
Fig. 8 shows the calculated surface bulging on the (a) front and
(b) back surfaces of Yb:YLF gain media. Due to the un-doped
cap sections on both ends, the estimated deformations are
quite small (at the central region where the beam transverses).
Moreover, as expected, the front surface deforms more than the
back surface, due to the larger thermal load it receives. Note that
the negative and positive values of the calculated deformations
in Figs. 8(a) and 8(b) just indicate the direction of deformation
(both surfaces expand with temperature).

At this point, it is beneficial to look at the total OPD acquired
due to thermo-optic effects and surface deformations. For that
purpose, we have chosen to present results along the y axis in
detail (Fig. 9), due to the aforementioned asymmetry problem
in this axis. Fig. 9(a) shows the variation of calculated OPD due
to thermo-optic effects along the y axis, through the center of
the crystal (x = W/2). A quadratic fit to the OPD data results in
an estimated thermal lens of around —2 m focal length for the
thermo-optic effect.

Figure 9(b) shows the variation of OPD due to surface bulg-
ing along the y axis, passing through the center of the crystal
(x =W/2). As mentioned eatlier, the un-doped cap sections
help in this respect, and the estimated focal length of the thermal
lens due to surface deformations is only around 12 m. Finally,
Fig. 9(c) shows the calculated total OPD due to thermo-optic
and surface deformation effects, where the expected thermal
lens has a focal length of around —2.5 m. The aspherical part
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Fig. 8. Calculated temperature-induced deformation on the
(a) front and (b) back surfaces of the Yb:YLF crystal. The dimensions
are in mm, and the path differences are specified in units of waves.
The calculation was performed for a 1016 nm Yb:YLF regenerative
amplifier crystal, using a pump beam waist of 1 mm and an absorbed
pump power of 400 W.

of the OPD curve is also shown in Fig. 9(c), and the estimated
phase fluctuations in the central region (within 2 mm width) are
within £ /40.

Note that the aspherical part of the OPD curve has a clear
tilt component due to one-sided cooling of Yb:YLF crystal
(an OPD difference of around A/80 for a 2 mm diameter
beam). The estimated OPD accounts for a wedge angle of about
12 prad and an angular deviation of around 6 prad. As a result,
a seed beam passing though the YLF rod is expected to deviate
around 20 pm after 3 m of travel (3 m is the modeled regener-
ative amplifier cavity length in this study). As we will see in the
next section, a regenerative amplifier might require up to 100
round trips, especially for amplification at higher repetition
rates, resulting in an overall beam walk-off as large as 2 mm. It
is clear that the hard aperture on the PC (6 mm in diameter)
and the soft aperture on the Yb:YLF crystal (2 mm in diameter)
will work against this shift. Effectively, the process will result
in a reduction in mode-matching efficiency and in an overall
increase in effective cavity losses.

In a similar manner, for the symmetric x axis, we have esti-
mated thermo-optic, deformation, and total lensing as —2.4 m,
125 m, and again roughly as —2.5 m, respectively. We see from
our simple analysis then that the thermo-optic effect is dom-
inant over surface deformations in the end-capped Yb:YLF
crystal used in this study, and due to the negative dn/d T coef-
ficient, a negative thermal lens with a focal length of roughly
around —2.5 m is estimated from the Yb:YLF crystal under the
aforementioned conditions. On the other hand, in earlier exper-
imental work, a positive and weak thermal lens (~ +5—10 m)
is reported from a similar Yb:YLF system (a 2 cm long
0.5%-doped Yb:YLF sample was used in the experiments
[15]). This discrepancy calls for a detailed investigation of
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Fig.9. (a) Calculated OPD due to the variation of refractive index

with temperature (thermo-optic effect) in the y axis at x = W/2. The
spherical component has a focal length of around —2 m. (b) Calculated
optical path difference due to deformation/bulging of the front and
back surfaces of the Yb:YLF rod in the y axis. The total OPD due to
bulging is also shown. The spherical component of the deformation
lens has a focal length of around 12 m. (c) Estimated variation of total
(bulging + dn/d T) OPD along the y axis. The spherical component
of the total lens has an estimated focal length of around —2.5 m. The
remaining aspherical component and its 40 times magnified version
are also shown. The calculation was performed for a 2 cm long 1%
Yb-doped Yb:YLF regenerative amplifier crystal containing 3 mm
un-doped wedges on both surfaces. We have assumed a pump beam
waist of 1 mm and an absorbed pump power of 400 W.

thermal lensing in Yb:YLE. The observed difference might be
due to the presence of a relatively strong population/electronic
lensing in Yb:YLF [42], and/or due to the contribution of the



Research Article

photo-elastic effect, as shown for the case of room-temperature
Nd:YLF [44]. For our work here, we are focused on an accu-
rate estimation of amplification performance, and a detailed
knowledge of thermal lensing is not required at this stage, but
would be necessary for experimentalists for optimization of the
regenerative amplifier cavity design. On the positive side, the
experimentally observed lens in YLF is relatively small compared
to other systems such as Yb:YAG, easing the design of amplifier
systems in rod geometry.

4. ESTIMATED REGENERATIVE AMPLIFIER
PERFORMANCE

In Section 4.A, we first discuss regenerative amplifier results
using a single Yb:YLF crystal as a gain element, where we have
obtained simulation results that are in good agreement with
our recent experimental work [15]. In Section 4.B, we describe
how the performance can be further improved using a dual-rod
geometry.

A. Single-Crystal Regen Amplification Results

We start this section with Fig. 10, which shows the estimated
regenerative amplifier performance of Yb:YLF at several dif-
ferent repetition rates between 1 Hz and 5 kHz. Specifically,
Fig. 10 shows the increase in pulse energy as a function of round
trips, for a seed energy of 10 nJ. The simulation parameters are
summarized in the figure caption. Due to laser-induced damage,
we limit the safe operation limit of the amplifier to 35 m], which
is marked with the gray solid horizontal line. This corresponds
to a peak operation fluence of around 2.25 J/cm?, a value con-
siderably lower than the estimated damage fluence (~9 J /cm?)
for the stretched 2 ns pulses. As can be seen, at low repetition
rates, the amplifier easily reaches the 35 mJ energy level. Once
the repetition rate exceeds 1/7(~500 Hz), the accumulated
inversion is shared between pulses, which effectively decreases
the effective net gain per pulse, and increases the number of
round trips required to reach 35 mJ energy. As an example, while
it takes only around 43 round trips at 1 Hz, 67 round trips are
required to reach 35 m] energy at 2 kHz repetition rate. As the
repetition rate increases further (frep >2 kHz)), the acquired
pulse energies become limited by the extractable average output
power from the system. As an example, at a repetition rate of
5 kHz, only 17 m] are extractable from the system after 96 round
trips. As a positive point, the estimated B-integral of the system
isstillaround 0.7 even for this large number of round trips.

As another point, looking at the slope of the curve in Fig. 10,
one can ask whether higher energies could be extracted at higher
repetition rates by increasing the number of round trips in the
regenerative amplifier. To answer this question, Fig. 11 shows
the estimated performance of the regenerative amplifier at 5 kHz
repetition rate for several different output energy levels. The
graph shows that it is possible to reach 11.3 m] energy at 5 kHz
in just 55 round trips. On the other hand, as we can see, as the
desired output energy is increased, the required number of
round trips inflates in an accelerating trend. Basically, the system
is having difficulty in providing enough inversion/gain for the
extra energy that is desired. At some point, once the output
energy reaches the extraction limit (17 m] of energy at 5 kHz
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cryogenic regenerative amplifier output energy as a function of num-
ber of round trips at different repetition rates between 1 Hz and
5 kHz. Due to LIDT, the obtainable pulse energy is limited to around
35 m]J (shown with the horizontal gray line). Simulation parameters:
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Fig. 11.  Calculated variation of single-crystal 1016 nm Yb:YLF
cryogenic regenerative amplifier performance at 5 kHz repetition
rate at different output energy levels. The maximum extractable
output energy is limited to around 17 m] in this configuration (corre-
sponds to 85 W average power). Simulation parameters: w, = 1 mm,
MMEF = 70%, loss = 10%, 7, =2 ns, Py =350 W+ Loy

for this particular situation), additional round trips do not
provide much benefit in terms of output energy. As we can see
in Fig. 15, almost no benefit is obtained in terms of extractable
energy when the round trip increases from 96 to 105. Basically,
this shows that the effective gain per pulse reduces to the level of
cavity losses, and another round trip in the cavity provides no
extraamplification.

To elaborate on this issue, Fig. 12 shows extractable energy
levels from the single-crystal 1016 nm Yb:YLF regenerative
amplifier at different repetition rates. As mentioned above, for
the assumed stretched pulse width (2 ns), we limit the pulse
energies to the 35 m] level (and peak fluence to 2.25 J /cm?) for
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Fig. 12.  Estimated performance of single-crystal 1016 nm Yb:YLF

cryogenic regenerative amplifier as a function of repetition rate. Due
to LIDT, the obtainable pulses are limited to around 35 m]J at low
repetition rates. Empty spots with energies up to 250 m] are not fea-
sible, but are shown on purpose to illustrate the extraction limits of the
system for a cw seed. At higher repetition rates, obtainable energies are
limited by the achievable average power level (~85 W) from the sys-
tem. Simulation parameters: w, =1 mm, MMF = 70%, loss = 10%,
7, =2ns, Py =350 W+ Py

long-term damage-free operation. On the other hand, Fig. 12
shows that, ignoring LIDT, the system actually allows output
energies up to 250 m] at low repetition rates (shown by empty
dots). Hence, it is clear that the stretched pulse width of the
pulses will determine the obtainable energy levels at low rep-
etition rates: which are roughly around 35 m] level with 2 ns
pulses, 50 m] level for 4 ns pulses, 24 m] level for 1 ns pulses,
etc. At high repetition rates, as discussed above, the system is
saturated at an average power of around 85 W, which limits
the output energies to around 17 m]J at 5 kHz, and to 8.5 m]
at 10 kHz. In short, we see that pulse energies are limited by
LIDT at low repetition rates, and by the extraction efficiency
and achievable overall inversion of the system at high repetition
rates.

At this point, it is instructive to investigate the effect of
system parameters on performance, especially the amplifier
performance at higher repetition rates, where the extraction
efficiency is a limiting factor. To start with, Fig. 13(a) shows the
effect of single-pass cavity losses (L) in regenerative amplifier
performance. As mentioned above, in the analysis, we assume
an effective cavity loss level of 10%, which was the estimated
loss level in our recent experimental work [15]. As we can see
in Fig. 13(a), the estimated performance at higher repetition
rates is a strong function of losses. As an example, the achievable
energy level at 10 kHz increases from around 8.5 mJ to 12.5 m]
level, if one can minimize the cavity losses from around 10%
to 5%, which might be achievable, if one optimizes the passive
losses of all the elements in the cavity [15].

Another important parameter that has quite an impact on
amplifier performance is the absorbed pump power (Pyps).
Figure 13(b) shows the effect of pump power on amplifier per-
formance. In the simulations above, we assumed that thermal
effects limit the safe operation to an absorbed pump power
level of 350 W+ 1/2 P,y (a rough experimental trend we

40 T T
(@ 1
! Cavity losses (L)
f =& 0% loss i
30 == 5% loss
—8— 10% loss
—~ —&— 15% loss
TE’ —6—20% loss
5 20 )
)
C
L
10 TG T T T Oe@ T
0 t f t {
0 3 6 9 12 15
Regen frequency (kHz)
40 : ! :
3 3 Absorbed
! ! pump power
30 T R R R (Pas)
¢ ; —=— 600 W
! —&— 500 W
= | —8— 400 W
£ e
z 207 1" 77| —o—1s0w
© ;
2 i
[im|
10 T
0 .
0 3 6 9 12 15
Regen frequency (kHz)
Fig. 13.  Estimated effect of (a) cavity losses (L) and (b) absorbed

pump power level (Py,) on the single-crystal cryogenic 1016 nm
Yb:YLF regenerative amplifier. Simulation parameters: w, = 1 mm,

MMF = 70%.

observed in our detailed lasing experiments in Ref. [1]). Hence,
for the average output power of 85 W, we assume an absorbed
pump power of 392.5 W in our analysis above. As can be seen
in Fig. 13(b), if one finds ways to minimize the thermal effects,
this could boost the amplifier performance at higher repetition
rates. As an example, assuming a 600 W absorbed pump power
level, the estimated performance at 10 kHz improves from
8.5 m]J to 16.5 m]J level. On the other hand, as we have discussed
in the thermo-mechanical simulation section, application of
pump powers above 400-500 W might be very challenging
without significantly improving the heat transfer ability of
the liquid nitrogen boundary [30,31]. Furthermore, the ther-
mally induced deformations (thermal lensing) could also create
stability problems in the regen cavity, resulting in undesired
perturbation in the regen beam profile at these pump power
levels.

B. Dual-Crystal Regen Amplification Results

As we have seen above, we expect the thermal effects to limit
the extractable average powers to around 85 W in single crystal
Yb:YLF rod amplifiers operating at around 1016 nm. In this
section, we investigate possible improvements that could be
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Fig. 14. Compared performance of dual-crystal and single-crystal

1016 nm cryogenic Yb:YLF regenerative amplifier. Simulation
parameters: w, = 1 mm, MMF =70%, loss = 10%, T, = 2 ns.

achieved by employing two Yb:YLF crystals in the cavity, as
have been applied to other systems earlier [50-52]. For this
purpose, Fig. 14 compares the estimated performance of single-
and dual-crystal Yb:YLF regenerative amplifiers. In the analysis,
we assume that the dual-crystal geometry could handle a total
absorbed pump power of 700 W + 1/2 P,,. All the other simu-
lation parameters are kept constant. As we can see, the dual-rod
geometry significantly increases the net gain of the system. As a
result, the extractable average power from the system increases
from around 85 W to 270 W, which increases the extractable
energies from 8.5 m]J to 27 m]J at 10 kHz. Besides improving
the extractable energies at high repetition rates, the dual-rod
geometry also decreases the required number of round trips
significantly. As an example, the required number of round trips
to reach 35 m] pulses decreases from 57 to only 22 at 1 kHz
repetition rate.

So far in our analysis, we have assumed a spot size (wg) of
1 mm. Here, we want to elaborate on the estimated effect of
pump/cavity spot size on regenerative amplifier performance.
Fig. 15 shows the variation of extractable energies with rep-
etition rate in dual-rod geometry at several different spot sizes
ranging from 0.75 mm to 2 mm. As one can see, the I mm spot
size provides the optimum performance at high repetition rates,
since it allows good mode matching between the laser/regen and
pump modes for the specific 2 cm long Yb:YLF crystal (which is
also experimentally confirmed in Refs. [1,15]). For tighter spot
sizes, amplifier performance deteriorates due to the decreasing
mode-matching efficiency. On the other hand, for large spot
sizes, the decreasing gain limits the achievable output power
levels. On the low-repetition-rate side, a larger spot size has
advantages, since it enables handling of higher pulse energies.
Asan example, increasing the spot size from 1 mm to 2 mm, one
can increase the safe operation point of the Yb:YLF regenerative
amplifier from around 35 mJ to 140 m]. As a disadvantage, a
larger beam size would: (i) reduce gain and increase sensitivity
of the cavity, and (ii) require larger optical elements, including
larger-sized Yb:YLF rods, and PCs, which increases the cost of
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the system. Moreover, design/implementation of cavities with
larger spotsizes is known to be more challenging.

In closing this section, we will discuss the estimated effect of
the total absorbed pump power on the dual-crystal regenerative
amplifier. In our analysis in Fig. 15, we assume an absorbed
pump power level of 700 W 4 1/2 P, which corresponds to
an absorbed pump power level of about 835 W. As can be seen in
Fig. 1(b), in dual-rod geometry, the Yb:YLF crystals need to be
placed at a reasonable distance from each other to enable good
mode matching. On the other hand, this in turn might create
some thermal crosstalk between the crystals that could limit
the total absorbed pump power level. Moreover, in dual-rod
geometry, the thermal lens of each crystal will add up, and the
overall effective thermal lens of the cavity will be larger, which
could create challenges in cavity design. To elaborate on this
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Fig. 17. Comparison of the estimated performance of the Yb:YLF

regenerative amplifier with literature in terms of peak power that could
be achieved as a function of repetition rate.

issue, Fig. 16 shows the variation of estimated performance
with absorbed pump power level. In our earlier experimental
work, we showed that a single rod could be safely pumped by
almost 400 W pump power [1]. Hence, we believe that ideally,
the dual-rod geometry should handle 800 W of absorbed pump
power. In the worst case, we expect the system to easily handle
600 W average pump power. Note that at an absorbed pump
power of 600 W, the system is estimated to still produce 170 W
of average output power, which corresponds to a pulse energy of

17 mJ at 10 kHz.

5. CONCLUSION

In conclusion, we have performed a comprehensive numerical
investigation of cryogenic Yb:YLF regenerative amplifier sys-
tems. The simulations have shown that a single-stage Yb:YLF
regenerative amplifier employing dual Yb:YLF rods could
potentially provide sub-250 fs pulses with an average power up
to 270 W and peak power up to 600 GW. The system allows
operation of the amplifier in either high-energy mode (>100 m]
at 1 kHz), or high-average-power mode (>25 m] at 10 kHz,
with >250 W). Figure 17 shows that the expected performance
of the Yb:YLF regenerative amplifier in terms of peak power
can already compete with other Yb-based or Ti:-sapphire-based
systems in the literature. Moreover, this system could be used as
a front end for further Yb:YLF amplifier systems, which could
scale the performance of Yb:YLF amplifiers further [23]. The
discussed Yb:YLF-based amplifier systems can be very useful
for applications such as pumping of high-energy and average-
power optical parametric amplifiers, terahertz generation,
spectral broadening and compression of high-energy pulses, and
ultrafast x-ray generation [53-55].
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