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Abstract: We report what we believe to be record performance for a high
average power Yb:YAG cryogenic laser system with sustained output
power. In a CW oscillatesinglepass amplifier configuration, 963 W of
output power wasneasured. In a second configuration, a two amplifier
Yb:YAG cryogenic system was driven with a fiber laser picosecond
ultrafast oscillator at a 50 MHz repetition rate, dowdssed through the
first amplifier and singleassed through the second, resgliim 758 W of
average power output. Pulses exiting the system have a FWHM pulsewidth
of 12.4 ps, an energy/pulse of 15.2 ¢J, and
systems are force convectionoled with liquid nitrogen and have been
demonstrated to run religbover long time periods.
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I. Introduction

Significant advances inryogenicallycooled Yb:YAG lasers have made in the past decade.
The use of cryogenic cooling to enhance the power scalability, and significantly reduce, or
render thermally induced phase aberrations, stresses, and birefringence insignificant, in solid
stae lasers was first examined in detail 1in3]. Reference4] describes the first experimental
description of reduced thermal aberrations in cryogenicalbted Yb:YAG lasers. Since that
time, other investigators have provided further evidence of redinsgthal aberrations in
Yb:YAG and Nd:YAG. Reduced thermal aberrations in Ti@l lasers at cryogenic
temperatures have been described in the literature as @l References? and B]
provide good summaries of recent work, however, we mention seceat papers that are
relevant to the results presented here9)riHe authors describe a 2.3 kW cryogenic Yb:YAG
oscillatoramplifier system whose output is qu&3iV. Here we describe a Yb:YAG cryogenic
oscillatoramplifier system with sustained cw oltrafast average power output. References
[10i 14] describe very recent work that use Yb:YAG cryogenic amplifiers to produce
picosecond pulses at high average power at the fundamental and second harmonic
wavelengths. In this paper we describe a simplecdamplification picosecond system that
avoids the use of chirpguulseamplification.

In addition to the substantial materials properties benefits, cryogenic cooling can also lead
to favorable changes in laser properties. For Yb:YAG lasers, for exarhpleuasthree
level nature of Yb at room temperature becomes almost purelylefeeir at 77 K (the
temperature of liquid nitrogen at 1 atmosphere), eliminating ground state absorption. The
stimulatedemission crossection of Yb:YAG increases by almostactor of five at 77 K
[8,19, while the saturation intensity is reduced likewise. Yb:YAG is an almost ideal laser
system at 77 K, and displays no-cgnversion, concentratiesuenching, or other deleterious
energy transfer mechanisms.



1.1 Yb:YAG Thermalral thermeoptic properties at reduced temperatures

The predictions of significantly reduced thermal aberrations, stress, and birefringence in YAG
originally presented in 1j 3] were based on thermal, mechanical, and thesptx
measurements harvested frahe literature available at that time. Since then, considerably
better values of the thermal conductivity, thermal expansion coefficient, and tbetimo
coefficient (dn/dT) have however been generated and publidiégdof a number of solid

state lasematerials. Because the thermal conductivity values presentdd]ifof Yb:YAG

have been used for the thermal simulations reported in this article, we summarize the data and
fits to the data here. IRig. 1L we show the thermal conductivity of Yb:YAG asuaction of
temperature from 100 to 300 K. The data are presented for Yb dopings of 0, 2, 4, 10, 15, and
25 at%.
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Fig. 1. Thermal conductivity of Yb:YAG as a function of absolute temperature and Yb doping
density. Curves from top to bottom are 0, 21@, 15, and 25 &b Yb. The curves for 0, 2, 4,
and 15 a® Yb use the data o8] while the curves for 10 and 25-% Yb are extrapolated
from the data ofq].

It is significant that the thermal conductivity, while increasing for any doping density
while temperature is reduced, is strongly dependent on the Yb doping density. This behavior
has been observed for other laser materials as ®&ll for undoped YAG the increase in
thermal conductivity between 300 and 100 K is about a factor of 4.12, whilé fat% Yb
the ratio is reduced to 2.45. Because thermal gradients in laser materials are inversely
proportional to the thermal conductivitfgig. 1 shows that despite a reduced thermal
conductivity at 100 K as Yb doping increases, at any doping levatingfal reductions in
thermal gradients can be obtained through cryogenic cooling. The thermal conductivity values
for 0, 2, 4, and 15 &% Yb are as reported irL§]. Values for 10 and 25 &b Yb were
generated by first fitting the data for 0, 2, 4, arfd &% Yb and then using the fitting
functions to determine thermal conductivity as a function of doping for the fixed temperatures
shown. Finally, once the thermal conductivity values were generated for 10 anéo28sad
function of temperature, fits we generated for 10 and 25-%t Yb as well. The fitting
function used inFig. 1is functionally identical to one used previously to fit YAG thermal
conductivity for 0 a% Yb doping [L], and is given by

k(T)=—2
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where a, b, ¢, and are constants determined by a lesgtares fit to the data. hable 1

below, we show the values of the constants for each of the dopings shiéignlin

Table 1. Thermal Conductivity Fitting Constants For Yb:YAG

Yb Doping Constant a (W/(crK)) Constant b Constant ¢ Constantd
(at%) (1/K) (Dimensionless) (Wicm)
0 1.0x 16 4.213 7.806 32.12
2 1.0x 16 0.402 12.46 -24.20
4 1.0x 16 8.707 7.354 52.73
10 0.7943 0.07755 2.107 -1.466
15 1.482 0.1380 2.513 -3.438
25 25.78 4.741 3.184 -4.140

For the finiteelement thermal modeling we report in this paper, we havekged)and
the constants fromiable 1for 10 at% Yb doping.

YAG e X p a-apsici coefficient ® ~ fwieci ent U and

dT
have used the data dff], shown inFig. 2 Both sets of data have been fitted using second
order polynomial equations
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The values of the fitting constants e, f, g, h, i, and j are givéalie 2

Table 2. Fitting Constants for YAG Thermal Expansion and ThermeOptic Coefficient

e f g h i ]
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Fig. 2. Thermal expansion coefﬁcierf)(and thermeoptic coefficient@) as a function of
temperature in the range 3800 K for the laser materials%I50;,.

An examination of the data dispkd in Fig. 2 reveals that the thermal expansion
coefficient is reduced by a factor of 3.15 when YAG is cooled from 300 to 100 K, while the
thermaoptic coefficient decreases by a factor of 8.67. The increase in the thermal
conductivity of YAG as temperatte is lowered reduces thermal gradients (for the same input
heat power density) as well as the central temperature. Phase distortions that develop as a
result of the remaining thermal gradients are further reduced becautte aframatic

reduction in b. Similarly, because the stresses i



the thermal expansion coefficient and inversely proportional to the thermal conductivity,
stress and strain are much reduced as temperaturesdselb and birefringence effects are
minimized.

2. Design, thermal modeling, and phase distortion details
2.1 Crystal assembly

For the experiments reported in this paper, we have utilized the unique crystal assembly
shown inFig. 3 Two Gcut sapphire diskare diffusion or contadtonded to a core Yb:YAG
crystal. Gecut sapphire is used to eliminate any birefringence. Heat is rapidly removed
transversely through the high thermal conductivity sapphire and is ultimately removed
through indium pads to a highethmal conductivity copper heat sink assembly maintained
near 77 K. This concept was first proposed and describeljwhere it was shown that at

77 K the much higher thermal conductivity of sapphire would effectively remove heat
generated in the lowewoaductivity Yb:YAG crystal, predominantly in the direction of beam
propagation, which significantly reduces thermal aberrations in the Yb:YAG crystal. At
cryogenic temperatures where thermafigluced aberrations are already very small, the
design shown irFFig. 3 helps to insure they remain so as average power is scaled up. This
design makes possible two sided

C-Cut Sapphire, 1 mm

Heat Removal Indium Pad Heat Removal Indium Pad

Sapphire C Axis

P B .
L B Extraction Beam

Heat Generation, Thermal
Gradients Predominantly
Longitudinal

Heat Removal Indium Pad

Heat Removal Indium Pad

Yb: YAG 10 at-%, Smm

Fig. 3. Yb:YAGT Sapphire Cryogenic Crystal Assembly

access to the Yb:YAG laser crystal so that straflgfdugh beam extraction can occur; the
symmetry of the cooling and the bonded sapphire disks assure that asymmetrical warping of
the disk does not occur and that strain distortion of the Yb:YAG extraction surfaces is
eliminated. The ability to symmetrically pump and cool the laser assembly hanchdre
flexible laser resonator designs that can be realized with stthighigh extraction are
decided advantages this design offers. The first experimental implementation of this crystal
assembly design was reported i8]] We have used a number oénants of this crystal
assembly design and reported the operation of a 250 Wdiferaction-limited Yb:YAG
cryogenic oscillator in 9], and a 550 W neatiffraction-limited Yb:YAG cryogenic
oscillator in RQ], using a design similar tBig. 3 but witha 25 at% Yb doped YAG disk

with a 2 mm thickness. We have found that for a 2%atb:YAG doping, the material is
unpredictable and can be contaminated with other rare earth or transition metélions [
resulting in less than optimal performance. Fas reason we used 10-%t material for the



experiments reported here; at that doping concentration contamination does not appear to play
a significant role in performance.

The design oFig. 3as well as the previous design utilizing 28/%atdoped Yb:YAGwork
well at 77 K. With either contadionded or diffusiorbonded crystals, the continual cycling of
the crystal assemblies between 300 and 77 K has not resulted in -dayimigtions or
fracture. Cooling of the crystal assemblies to 77 K typically takeat20 minutes.
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Fig. 4. Sapphire Thermal Conductivity as a Function of Temperature Perpendgzuland
Parallel ©) to the GAxis.

For the thermal simulations to be discussed here, we shottigin4 the thermal
conductivity of sapphire between 3@0d 60 K R2]. For this uniaxial crystal, it can be seen
that the thermal conductivities parallel and perpendicular to thgiCare nearly identical.

The thermal conductivity of sapphire is large at 300 K, about 0.360 and 0.335-Wy/{om

the paralleland perpendicular directions, and becomes very large at 80 K, with values of 7.35
and 6.93 W/(crK) respectively. In contrast, the thermal conductivity of Yb:YAG with 20 at

% doping is about 0.25 W/(cik) at 80 K, so the ratio of the sapphire to Yb:YAGrthal
conductivities is about 28.6. At temperatures near 77 K, we have found that the large thermal
conductivity of sapphire results in insignificant thermal gradients in the sapphire plates
enclosing the Yb:YAG crystal. The residual phase distortion thirotng entire crystal
assembly is therefore determined almost entirely by the Yb:YAG crystal. The fitting function
(Eg. (1) previously used to model thermal conductivity as a function of temperature for
Yb:YAG (Table ) has also been used to fit the sappliata shown ifrig. 4; the resulting

fitting constants for sapphire are showTable 3

Table 3. Thermal Conductivity Fitting Constants For Sapphire (AbO3)

Orientation Constant a Constant b Constant ¢ Constant d
(W/(cmK)) (1/K) (Dimensionless) (Wicm)
Parallel 1.0x 16 0.1657 10.16 -71.15
Perpendicular 9.993 x 10 0.1671 10.18 -66.18

The two Yb:YAG and sapphire crystal interfacing surfaces shoviaiginl are uncoated.
Nevertheless the calculated loss from the interface is very small, due to a fortuitous
coincidence of the indicesf sapphire (~1.76) and YAG (~1.82). The resulting Fresnel loss
for normal incidence is about 0.03%. While we did not attempt to measure the actual interface
loss, it is likely that it was close to the calculated value due to the small RMS surface
roughnes needed to diffusiebond the two surfaces. The outside sapphire faces are dielectric
coated to be anteflective (AR) at 1029 nm (R< 0.01%), and highly transmissive (HT) at
940 nm (R<0.25%).



2.2 Diode pump sources and focusing system

As we will show n the discussion to follow, we have constructed two cryogenic pump
chambers, the first (Amplifier 1) containing seven identical crystal assemblies as shown in
Fig. 1, and the second pump chamber (Amplifier 2) eight crystal assemblies. Each laser disk
in anplifier 1 is pumped from opposite sides using two 35 W 940 nm Limo-fibapled
di ode sources; fiber core diameter is 200 em and
pumped with 100 W 940 nm Limo fiber coupled sources with the same core dianteléh.an
The measured 940 nm output power of all diodes used to pump Amplifier 1 at 52 A current is
501.3 W. For Amplifier 2, the total measured 940 nm pump power was 1871 W. All pump
diodes were cooled using closed cycle chiller systems, and the optimunengakienatch to
the Yb:YAG absorption band around 940 nm obtained by varying the chiller operating
temperature. The average FWHM bandwidth of all diode sources was 3.5 nm.

In order to match the diode pump beams to the resonatogliabtie, we utilized a hes
collimating and focusing system that produced a22101/€ diameter pump spot in the center
of each laser crystal assembly. A 30 mm focal length collimating lens and a 250 mm focal
length focusing lens were installed in a beam tube and the lensopssitiljusted first for
collimation and then for focusing. The average power transmission through the beam tube
assembly was measured to be 96.3%. The Rayleigh range for both the 30 W and 100 W diode
sources was measured to be 49.2 mm, so the pump beany iwell collimated propagating
through the 5 mm thick Yb:YAG crystal.

2.3 Yb:YAG Crystal absorption modeling and measurements

In order to generate a detailed understanding of the thermal performance of the laser crystal
assembly of-ig. 3 we have modelethe absorption of pump light as it propagates through the
Yb:YAG crystal and the deposition of heat in the disk using a simple heat fraction model. We
have used the absorption crasstions of Yb:YAG 23] measured at 75 K to perform these
calculations.Figure 5 shows the absorption cresection of Yb:YAG as a function of
wavelength. In order to determine the absorption, we have used the general Gaussian
convolution equationZ3]
_2en@ %" e/ ‘Bl b o
A(l,, DJD) =5 g H_nn(exp( 4‘|n'(2M%T/(é S /mep( s.() @)u.(4)

Here, A is the absorptiora, the pump diode center wavelengtp the full width at half
maximum (FWHM) pump diode bandwidth, and D is the optical density, the ion density times
the penetration depth. For the crystal assembly shoWigir8 the bn density is 1.385 x b
ions/cnd.
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Fig. 5. Absorption crossection of Yb:YAG as a function of wavelength at 75 K

We have calculated the absorption as a function of penetration depth for an assumed
Gaussian diode pump spectral distribution with aerewavelength of 939 nm and a FWHM
bandwidth of 3 nm. The results are shownFig. 6. Because the absorption cannot be
accurately modeled using a single exponential, we used a sum of three exponentials and
performed a leastquares fit to the numericaljenerated absorption data. The fitting function
used was of the general form

A(z)=1-(a " c+e e &%), (5)

where a, b, ¢, d, e, and f are fitting constants, with the values shdvabli 4
Table 4. Fitting Constants for Absorption in Yb:YAG Disk at 75 K

a b c d e f
Dimensionless (1/cm) Dimensionless (1/cm) Dimensionless (1/cm)
0.5195 9.611 -13.27 16.16 13.75 16.22
1.0
0.8
5 06
=
2
< 04
0.2
0
0 0.1 0.2 0.3 04 0.5
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Fig. 6. Absorption of Yb:YAG at 75K as a function of penetration depth for a center
wavelength of 939 nm and a FWHM bandwidth of 3 nm. Blue open circles are absorption
values generated using a finié&ement version oEq. (4) and the smooth curve is a least
squares fit.



The fitting function Eg. (5) and the values shown ifable 4were used in the thermal
modeling results discussed in this article. The heat power dendgposition in the Yb:YAG

disk, a function of the radial coordinate r and longitudinal coordinate z, was modeled using
the equations

— dl, 2P.d, _2(ﬁ)2 - -dz Z
Q,(r,2)= dma -,?e ( abe+ "c dﬁg). (6)
T2 202
l(rz)=lee ™ ¥(2) Rpe (11A(7), @)

where d,, is the heat fraction for Yb:YAGP;is the incident pump powers, is the pump
beam waist, and the constants a, b, c, d, e, and f are the sankaéSyandTable 4 1 (r,z)
is the pump intensity, a function of the radial coordinaed longitudinal coordinate 2, is

the incident peak Gaussian intensity, and T(z) and A(z) are the transmission and absorption
respectively. For the work reported in this paper, the heat fradfjowas sinply modeled as

the quantum defect, using
1 5
d, =1 —, (8)
&

where ais the pump wavelength (941 nm), ardis the laser wavelength (1029 nm). It
should be pointed out that we have recerdlynd thatd|,, is not a constant for Gaussian beam

extraction R4], but varies radially due to a radial variation in the extraction efficiency. This
effect has been ignored in the modeling reported here.

As can be seen froffig. 6, the predicted absorption at 939 nm for a 3 nm bandwidth is >
99% at a penetration depth of 5 mm, for a Yb doping of 1% 46.0 at%-cm optical
thickness). Measurements of our Yb:YAG crystal assemblies have shown that as expected, for
5.0 at%-cm optical hickness and a center wavelength of 940 nm, the absorption is > 99%.

2.4 Thermal modeling for 35 W and 100 W pump sources

To understand the thermal performance of our sapptiir¥AG disk design shown ifig. 3

we have build a finitelement model of therystal assembly and simulated the behavior
expected using both 35 W pump sources for Amplifier 1 and 100 W pump sources for
Amplifier 2. The model was implemented using the code FleXPREd solved the
fundamental CW heat equation

B 1k(T) 19 Q+ O, ©)

whereb is the divergence and gradient operator expressed in Cartesian x, y, and z coordinates,
k the thermal conductivity which is here a function of the temperature TQaris the heat

power ansity of Eq. (6) Both the sapphire and Yh:YAG disks are treated in our model as
isotropic. The edges and outer faces of the sapphire inside the indium annulus are assumed to
be insulated as the entire crystal assembly is in vacuum. The disk diameter is
10 mm, and the indium annulus has a radial thickness of 2 mm, thus the clear face of the
crystal assembly is 6 mm in diameter. The indium annuli, one on each sapphire face and in
contact with an oxygefree copper heatsink, were maintained at 77K in thdehdVe did

not measure the actual crystal temperature achieved in the experiments described in this
article, and thus cannot ascribe a thermal resistance to the two sapghinre annuli
interfaces or to the copper crystal holder, however, based oarmpetature measurements of



the crystal holder using a thermocouple, it is estimated that crystal temperatures at maximum
pumping did not exceed 1405 K. For those temperatures, grotstdte absorption is still
minimal in Yb:YAG.

2.4.1. FlexPDE, distribeid by PDE Solutions Inc., Spokane Valley, WA 99206 USA

The modeling results to be shown here used the thermal conductivity fits shown previously in
this paper for Yb:YAG with 10 &% Yb doping and sapphire were entered into the model as
continuously variale functions of temperature. The absorption function A(ZE@f (5)was

also used, and the pump source was assumed to {epited with a diameter of 2 mm. For
brevity, we will only present detailed 100 W pump source modeling results for amplifier 2
here.

2.5 100 W Pump source thermal results (Amplifier 2)

For the case of 100 W pump power per side incident upon the laser assembly, wekigow in
7. the heat power density in the center of the Yb:YAG crystal. The distribution is symmetric
with respect tahe center of the crystal, as expected for-sided pumping, and reaches a
maximum value of about 3.7 kW/érat the faces in contact with the sapphire plates.

b Q from (0.001, 0.001, h1)

| | %0001, 0,001, hi+h2)

Fig. 7. Heat density Q as a function of Z coordinate deposited in the center of the Yb:YAG
crystal.
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Fig. 8. Temperature distribution in theYZplane through the center of the Yb:YAG crystal.

The temperature distribution in a¥ plane through the center of the crystal assembly is
shown inFig. 8 Z is the beam propagation direction and X and r¥ the orthogonal



coordinates. The maximum temperature rise in the crystal is 21.4 K, and the temperature
maxima occur inside the Yb:YAG crystal because of the rapid diffusion of heat near the
crystal interface with sapphire having a much larger thermadlwdivity. While there is
transverse diffusion, almost the entire temperature rise is again contained in the £ 1 mm radial
pumped region. The thermal gradients in the sapphire disks are minimal.

In Fig. 9 we show the heat flux vector field in theYZplane through the center of the
crystal assembly. This plot is a convenient way to visualize the transport of heat out of the
Yb:YAG crystal and the transport through the sapphire to the indium annuli.

Figure 10shows the radial temperature distribution a¢ thuter face of the sapphire
crystals, whileFig. 11 shows the radial temperature distribution in a plane located in the
center of the crystal assembBjigure 10shows that at the sapphire interface the temperature
rise is very small and well within themm pump region. The transverse distribution is not
flat-topped because even near the faces of the Yb:YAG crystal some transverse diffusion
occurs. Furthermore the distribution is parabolic like. In the center of the crystal, the
temperature rise in therystal onaxis is higher than at the sapphire interface, and transverse
diffusion increases the width of the distribution in a logarithmic fashion beyond the £ 1 mm
pump region.
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Fig. 9. Heat flux in the ¥ plane through the center of the crystal asdgmthowing the
transport of heat out of the Yb:YAG disk, through the sapphire, and ultimately into the copper
heat sink through the indium annuli.
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Fig. 10. Transverse radial temperature distribution at the outer faces of the sapphire crystals in
contactwith vacuum.
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Fig. 11. Radial temperature distribution in the center of the Yb:YAG crystal.
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Fig. 12. Longitudinal temperature distribution through the center of the crystal assembly.

In Fig. 12 we show the longitudinal temperature distribution throthgh center of the
crystal assembly. Two temperature maxima are located about 0.9 mm inside the Yb:YAG
sapphire interface with a value of about 98.4 K.

2.6 Phase distortion

We have calculated the expected phase distortion from disk assemblies for 35avdsid®
W/side pumping. In these calculations we have used the relationship

0

1Yy
N(r)=— &b , Z 10
(r) N o . ) (10)

where N is the number of waves, t h e |l aser wavel en g toptic and

coefficient. T is the temperature rise above 77 K in the crystal, a function of radius r and
longitudinal coordinate zL is the thickness of the Yb:YAG crystal (5 mm), and z the

longitudinal coordinate. Because the phase distortion inajehdre is insignificant, we have
ignored it in the results presented here. Similarly, because the stress levels in cryogenically
cooled Yb:YAG crystals are so low, we have ignored any thesiastic contributions to the
change in the index of refractiondihave only calculated the results using the finite value of

b di scussed pr e vHqumiuos (19)was calculathd using @ digement
program for nine radial values (r = 0, 0.02, 0.04, 0.06, 0.08, 0.10, 0.12, 0.14, and 0.16 cm) and
usinglongitudinal temperature values for each r generated by our FlexPDE program.
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Fig. 13. Number of waves phase accumulation in Yb:YAG crystal as a function of radius for 35
Wiside pumping®), and 100 W/side pumpin).

The results are shown Fig. 13 For the case of 35 W/side pumping (Amplifier 1), the
phase difference between the center of the crystal at r = 0 and the r = 0.16 cm value amounts
to about 0.033 wavelengths. For Amplifier # 1 with seven discrete Yb:YAG crystals, the total
distortion throgh all seven disks amounts to 0.233 wavelengths. For 100 W/side pumping,
the phase difference is calculated as 0.106 waves for a single crystal. For amplifier 2 with
eight Yb:YAG crystals, the total phase accumulation is calculated as 0.845 waves. Ignoring
phase distortion from any other elements in the laser system, the total phase distortion
traversing Amplifiers 1 and 2 is 1.078 waves.

We also show irfrig. 13quadratic fits to the phase data generated using the points atr = 0,
0.02, 0.04, 0.06, 0.08, d©.10 cm. These fits show that inside the pump region extending to r
= = 1 mm, the distortions are correctable, whereas for outside the pump region the distortions
are largely uncorrectable.

The phase accumulation experienced by a beam traveling thtbegtwo cryogenic
Yb:YAG amplifiers is very small, and is not expected to have a large effect on system beam
quality at the power levels reported in this paper. For the experiments reported here, the pump
beam was approximately matched to the resonatoemdth about a 1feradius of 1 mm.

The Gaussian extraction beam experiences mostly the correctable part of the phase distortion
for r ¢ a, where a is the pump beam seadius (1 mm), while the Gaussian region outside

the pump region experiences a smallcorrectable phase distortion out to the 99% encircled
power radius at r = 1.57 mm.



2.7 Pump chamber desigtistributed crystal assembly approach

Fig. 14. Rendering of Yb:YAG Cryogenic CW Oscillatdmplifier System

Figure 14shows a rendering of ouMZ cryogenic oscillatoamplifier system. Amplifier 1 on

the left is used for the oscillator while amplifier 2 on the right is the power amplifier.
Amplifiers 1 and 2 comprise aluminum pump chambers with forced cryogenic flow entering
one end and exiting ¢h opposite, a vacuum system to evacuate the pump chambers,
eliminating condensation on optical surfaces, multiple 940 nm-fibepled pump sources

that are imaged into each crystal, and imaging beam tubes to focus the diode light into the
center of eachigk. A cryogenic pump is used to provide flow rates up to 15 liters per minute
through large oxygefree copper heatsinks upon which the crystal assemblies are mounted.
All laser diode pump sources are cooled and regulated using water based chiller systems
whose temperature may be changed to match the diode center wavelength to the Yb:YAG
absorption band near 940 nm. After traversal through AR coated fused silica windows to enter
the interior of the pump chamber, the beam iszagged back and forth to werse the
multiple crystal assemblies using ldess dichroic mirrors that transmit the 940 nm pump
light while reflecting the resonator or amplifier mode with a reflectivity that was originally >
99.999%. The zigag path mimics that found in tofakterral-reflection slab lasers, and
results in a compact design. Amplifier 1 uses seven crystal assemblies identical to the one
shown inFig. 3 while Amplifier 2 uses eight. Each crystal assembly is pumped from opposite
sides with 35 W/side for the oscillatand 100 W/side for the amplifier. A key feature of this
laser is the use of distributed crystal assemblies rather than just a thick disk or rod; a major
goal of this design was to minimize the maximum heating in any crystal assembly to less than
110 K, tominimize any thermal rpopulation of the laser terminal level. In that regard the
design shown irfrig. 20has been successful. The design is made possible by the use-of high
quality dielectric coatings that minimize the sinrgiss loss. As will be discsisd later in this

article, however, we have found that the dichroic mirrors have suffered a significant
performance degradation since their procurement, leading to a larger than expected linear loss.
The cause of the degradation is not clear, and willubiadr investigated. The laser system
shown inFig. 14 is compact and has been found to be rugged, reliable, and capable of
sustained operations for hours or days.

2.8 Stable long resonator

To form the oscillator resonator, we use 12.5 m long radius mimaa confocal arrangement
to produce a large TEMspot diameter. The outcoupler has a reflectivity of 50% to maximize



the laser output and efficiency, and was optimized in previous experiments not discussed here.
The HR mirror and the outcoupler produme average beam f/diameter in the center of

each Yb:YAG crystal of about 2.05 mm and spot diameters vary from 2.02 mm in the central
crystal to 2.07 mm in the end crystals. The spot diameter on the HR and outcoupler is 2.1 mm.
The total onewvay resonair length is 171.84 cm.

The resonator discussed here has been found to be stable and to match the pump beam
FWHM diameters of ~2 mm reasonably well. Our ficeupled diode sources typically
produce higheorder supefGaussian distributions that can be s@aably approximated as
flat-top beams.

3. Laser data and analysis
3.1 CW laser performance

The CW Yb:YAG cryogenic laser system details are showrignls We present results here

for an oscillatoramplifier system; the oscillator is formed using anigtifl and the resonator
described in the aforementioned. Output from the oscillator is measured using a high power
calorimeter at the output of the oscillator outcoupler. The output beam is then imaged using a
75 cm focal length lens into amplifier 2. Thgstem can be operated as just an oscillator or as
an oscillatoramplifier. Total system output was measured using a wveatged calorimeter,

and diagnostics including beaguality, spectral, and temporal measurements were measured
using the leakage from high reflector at 1029 nm. A secondary low power stabilized
calorimeter was also used to check the linearity of the primary power meter.

Fig. 15. CW Yb:YAG cryogenic laser system details

Figure 16shows the experimental CW data. The oscillator, whi#d an outcoupler with
a measured reflectivity of 53.3% at 1029 nm, produced 211 W of output power and had a
pump power threshold of about 48 W. The outcoupler value was optimized in previous
experiments 12]. The output of the device was mostly lineathwihe exception of the final
point at 501 W of input power, which rolled over slightly. This-miter is due to insufficient
capacity of the diode chiller to maintain temperature at maximum power, with the result that
the wavelength of the diodes slevigbtly towards the red and are less efficiently absorbed.
This laser provides a high quality output beam that has a very symmetric beam profile with a
TEM,, Gaussian spatial mode. The ?Mvalue was measured to be 1.2 + 0.1.



