Thermal Distortions in Laser-Diode— and Flash-Lamp—Pumped
Nd:YLF Laser Rods

Laser-diode pumping of solid-state laser materials is provingith a different technique showing strong thermal astigmatism
to be much more advantageous over the more conventiona well as thermal lensing. Astigmatism was measured by
technique of flash-lamp pumping. The electrical to opticalusing a slit (as opposed to a pinhole) oriented parallel and
efficiency of laser diodes is significantly higher than for flashperpendicular to the crystalaxis. This gives two thermal-
lamps. In addition, the emission wavelength of laser diodes cdocal-length measurements for each polarization stasa(
be chosen to couple efficiently to the absorption band of thg): one focal length for a narrow slit of rays oriented parallel to
laser ion, resulting in very high overall laser efficienciesthe crystalc axis and one for a narrow slit of rays oriented
Despite this level of efficiency, both laser-diode— and flashperpendicular to the crystalaxis. Vanherzeele shows how
lamp—pumped systems deposit unwanted heat into the gaimese thermal distortions, which can adversely affect the per-
medium. The resultant thermal loading of the gain mediunformance of a laser system, can be effectively eliminated by
leads to thermal-optical wavefront distortions that can degradaroper choice of compensating optics and by the use of a dual-
the performance of a laser system. Exact eigenmode solutiolaser-rod system. Further thermal-lensing measurements were
of optical resonators with phase-aberrating elements can Ipeade by Reed and FranginBaso give the rod thermal-focal
numerically calculated using high-speed computers. Thedengths at a fixed input power both parallel and perpendicular
calculations require a detailed knowledge of the wavefronto thec axis for o- and repolarization states. Later Cerullo
distortions induced by optical pumping in order to desigret al’ provided additional thermal-lensing data taken as a
compensating optics for the system. This is especially impofunction of their krypton-flash-lamp electrical-pumping power.
tant when designing a high-average-power laser system. In the above experiments, krypton flash lamps were used as
excitation sources for all measurements with the exception of
A practical constraint for large Nd:glass master oscillatothe work by Murray, who used xenon flash lamps.
power amplifier (MOPA) laser systems, such as those for laser
fusion, is that the laser oscillator must be wavelength matched In this article we describe detailed interferometric measure-
to the Nd:phosphate-glass amplifiers (gain peak at 1053 nm)ments of the thermal distortions in two Nd:YLF laser rods. One
A convenient laser crystal with this property is Nd:YLF. A rod is pumped with a xenon flash lamp and the other with laser
Nd:YLF crystal is naturally birefringent and exhibits gain atdiodes. Each rod is pumped to the same small-signal gain to
1053 nm for radiation polarized with the electric field perpencompare its distortions under similar laser-operating condi-
dicular to the crystalline axis (o-polarization state) and tions.We characterize these thermal distortions interms of a set
exhibits gain at 1047 nm for radiation polarized with theof primary aberrations of defocus, astigmatism, coma, and
electric field parallel to the crystallineaxis ¢rpolarization  spherical. We show that defocus and astigmatism are the
state). This crystal has many other features that make it destteminant aberrations. We interpret our interferometric mea-
able for other applications, but these will not be elaboratedurements in terms of the conventional thermal-focal lengths
on here. parallel and perpendicular to thexis of the crystal for both
polarization states. We compare the thermal-focal lengths
Thermal-lensing measurements on a Nd:YLF laser rodneasured with our xenon-flash-lamp-and laser-diode—pumped
were first performed by Murr&yusing pulsed excitation at a rods when pumped to the same small-signal gain. We calculate
fixed input energy. The measurements were made by passieffective dioptric-power coefficients from our data to compare
a beam through the rod followed by a lens and a movabl® those reported in the literature for krypton-flash-lamp pump-
pinhole (a standard technique for measuring isotropic crysng. We also directly measure the thermal relaxation of these
tals). Detailed measurements were later made by VanhetZeelethermal distortions with time for our laser-diode—pumped rod.
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We believe that our measurements comparing flash-lamp twoth the laser-diode and flash-lamp systems was therefore
laser-diode pumping, as well as our thermal relaxation megerpendicular to the interferometer optical axis and located in

surements, are the first measurements of this kind. the plane of the rod end face. The interferometer laser polariza-
tion through the rod could be adjusted perpendicular te the
Experimental Setup axis (0) or parallel to thec axis (1) of the rod by adjusting

To measure the thermal distortions in our flash-lamp— anthe half-wave plate before the rod. The half-wave plate after
laser-diode—pumped Nd:YLF laser rods, the rods were sep#ie rod was used to realign the laser polarization state parallel
rately placed in one arm of a Mach—Zehnder interferometer ds the interferometer reference arm for maximum fringe con-
shown in Fig. 71.38. The laser source for the interferometdrast on the camera. Fringes were captured by the computer
was a Nd:YLF cw-mode-locked laser operating at a 1053-nrand analyzed.
wavelength (this laser was chosen for convenience). The detec-
tion system (CCD camera) integrated over many milliseconds The digitized fringe patterns were transformed into
and, hence, could not resolve individual pulses in the modevavefronts using a spatial-synchronous phase-detection tech-
locked pulse train. The path lengths of the two interferometamique®-19The high-frequency interferogram was captured by
arms were carefully adjusted to be approximately equal ithe frame grabber, stored in memory, and then Fourier ana-
order to produce high-contrast fringes. Wedge was introducdgzed to obtain the amplitude and phase of the two-dimensional
in the interferometer by adjusting the mirrors to providewavefront exiting the laser rod. Fringe data were analyzed over
approximately 40 fringes of tilt. To analyze the fringes, the roabnly a portion of the rod’s clear aperture (approximately 90%
was imaged onto a CCD camera with a lens placed outside tbéthe rod diameter) to obtain the wavefront distortions. To
interferometer. The images of the high-contrast fringes fronaccomplish this, a circular software aperture centered on the
the camera were digitized with a computer equipped with eod was placed over the rod image. Only the fringe data within
frame-grabber board. The camera was spectrally filtered witthis aperture were used in the analysis. To calibrate the fraction
appropriate blocking filters to pass only the 1053-nm radiationf the rod aperture used in the analysis, a reticle was placed at
of the interferometer laser source. The gain at the 1053-nthe equivalent rod position in the opposite interferometer arm,
wavelength provided by the rod being tested did not signifiimaged to the camera with the lens outside the interferometer,
cantly degrade the fringe contrast. Fluorescence from thend overlapped in software with the image of the rod and the
pumped rod was effectively blocked with an aperture placed isoftware aperture used for fringe analysis. A background
the rod arm of the interferometer approximately 50 cm from thevavefront was taken for each rod with no pumping (but with
rod. The aperture diameter was adjusted to limit the anguldhe simmer on for the flash-lamp data) and subtracted from all
field of view of the camera-collection optics while not intro- other wavefronts. The background-subtracted wavefronts of
ducing additional aberrations. The laser used for thé¢he pumped rods were then analyzed to determine the number
interferometer was linearly polarized, and the rod was placeaf waves of defocus, astigmatism, spherical, and coma pro-
between two half-wave plates (HWP). The laser rods werduced by pumping. The overall accuracy of this fringe analysis
fabricated with the crystallireeaxis along the length of the rod technique is believed to b0 (<0.02 waves). To calibrate
and were placed in the interferometer with éhexis parallel  this interferometric-measurement system, the focal length of a
to the interferometer optical axis. The crystallmaxis for ~ 1-m lens was measured with an accuracy of greater than 99%.

Nd:YLF
Laser I 1 I
HWP  HWP
Reticle
position Figure 71.38
Experimental setup for measuring the pump-induced
Aperture—| — /\ wavefront distortions in Nd:YLF laser rods.
\ | Camera
Imagin

s Ieﬁs 9 Computer
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The thermal-time constant of our laser-diode—pumpedransitionl? the stored energy in the rod was 0.18 J, resulting
Nd:YLF rod was also measured with the above equipment. Tha an optical-pumping efficiency (stored energy to diode-array
fringes were recorded on tape with a video camera recordeutput-optical energy) of approximately 33%. This system was
(VCR) as the rod pumping was turned off (and the liquidoperated to 200 pulses per second. Fringes within a 4.4-mm-
cooling left on). A frame sequencer was used to number thdiam software aperture centered on the rod were used to
individual frames from the camera. By replaying the video tapanalyze this rod.
through the computer, sequential data frames could be cap-
tured and analyzed. In this way, the aberrations could baterpretation of Interferometric Data
measured at 60 frames (data points) per second. When the Nd:YLF laser rod is unpumped, the wavefront

distortion measured in transmission through the rod by the

The flash-lamp system had a 4-mm-diand4-mme-long  interferometer gives the amount of static aberration in the rod
Nd:YLF laser rod pumped with a single 4-mm ba24-mm-  due to internal crystal strain. This wavefront is stored and is the
arc-length xenon flash lamp. The flash lamp was simmeredackground wavefront that is subtracted from all other mea-
with approximately a 400-V drop across the lamp and 50 mAured wavefronts. The background-subtracted wavefronts
of simmer current. The pulse-forming network for the lampmeasured with optical pumping, therefore, provide detailed
used a 15Q4 capacitor charged to 385 V (i.e., 11 J per pulse)information of the thermally induced refractive-index changes
The lamp’s current pulse was approximately Gaussian with ia the pumped laser rods. The distorted wavefronts exiting the
pulse width of 25Qs (FWHM). A small-signal gain of 1.8 at thermally loaded laser rods are quantified in lowest order
1053 nm was measured in the Nd:YLF rod with these condiusing the third-order aberration thebfyby the linear super-
tions (sufficient to operate the regenerative amplifier for ouposition of a set of primary aberrations of defocus, astigmatism,
application). The system was operated to 60 pulses per secoredma, and spherical, which are defined below.

Fringes within a 3.4-mm-diam software aperture centered on
the rod were used to analyze this rod. The thermally distorted wavefront exiting the rod can be
expressed as a surface of constant phase:

The laser-diode—pumped system, including the diode ar-

rays, Wgs designed and built by the McDonnell-Douglas Do (p,@) = Dy (P)+¢ast(P-9)
Electronic Systems Company (no longer a part of McDonnell—
Douglas) and is similar in performance (although operating at +q3<:oma(/0’ 9) + Pgh (p) (1)

a different wavelength) to the one reported in Ref. 11. The

system had a 5-mm-diam 54-mm-long Nd:YLF laser rod where the surface of constant phase for each of the primary
pumped with three banks of laser diodes along the length of ttadberrations is given by

rod. Each bank consisted of 16 diode bars arranged symmetri-

cally around the circumference of the rod for a total of 48 diode Oget = A Dget P2, (2a)

bars arranged around the rod. The length of the rod pumped
with this diode arrangement was 34 mm. The laser diodes had
their polarization states parallel to #hexis of the crystal and
hence perpendicular to tleeaxis. The diode emission wave-
lengths were centered around the 797-nm absorption peak of
Nd:YLE. The absorption coefficient of Nd:YLF for this case is D oma = A Acoma(p3 - p) cos(6), (2¢)
approximately 3 cmt. The pulse-forming network produced a

250-us-wide, 50-A square current pulse with approximately

100 V applied across the diode bars connected in series. With Pgon = A Asph(p4 - pZ), (2d)
these conditions each diode bar emitted approximately 45 W of

peak optical power (2.16-kW peak array optical power) for an

optical-output-to-electrical-input diode-array efficiency of with p =r/ry the normalized radiuswithin the rod aperture,
greater than 40%. A small-signal gain of 1.8 at 1053 nm wai, is the radius of the rod clear aperture used in the analysis (
measured in the rod under these conditions. If we assume=dl.7 mm for the flash-lamp—pumped rod age 2.2 mm for
stimulated emission cross section of £.20719 cn? for this  the laser-diode—pumped rod)js the polar angle in the rod

Py = —M%pz cos(26), (2b)
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aperture measured from tleaxis of the crystalj is the Astigmatism and coma are odd aberrations and have an
interferometer wavelength (1053 nm), and this are the angle of symmetry associated with them. The wavefront analy-
number of waves of the primary aberration measured (i.e., thegs program calculates this symmetry angle for these aberrations,
weighting factors in the linear superposition). and our measurements show that these symmetry axes are
aligned perpendicular and parallel to trexis of the crystal as

We show experimentally that the dominant thermal aberramplied by Egs. (2)—an expected result but previously unmea-
tions are defocus and astigmatism (discussed in the nestired. The definitions and conventions discussed here were
section). Both defocus and astigmatism have a quadratic desed to analyze our data.
pendence on the aperture coordimagnd from these a focal
length can be defined for two orthogonal planes. If we negledthermal-Distortion Measurements
the aberrations of coma and spherical, then we can define aWe assume that the laser-diode— and flash-lamp—pumped
focal length for the two orthogonal planes that contairathe rods are uniformly pumped so that heat is generated uniformly
axis (optical axis) of the crystal. (The plane containingathe throughout the rod volume. Since the time between pump
andc crystal axes witl# = 0 is referred to asd| and the plane pulses is short (0.2 s for the lowest pulse-repetition rate used:
containing thea andb crystal axes witld = 172 is referred to 5 Hz) compared to the thermal-relaxation time of the rod
asllc.) The wave fronts (surfaces of constant phase) associatétl5 s; see Fig. 71.45 discussed later), pumping can be consid-
with defocus and astigmatism are shown in Fig. 71.39. Purered continuous and the temperature distribution in the rod will
defocus [Fig. 71.39(a)] is seen to be a spherical wavefront witteach steady state after a brief warm-up period. The rods were
equal curvatures in all directions (i.es @< 2n). Pure astig-  liquid cooled, and in steady state the surface temperature of the
matism [Fig. 71.39(b)] is seen to be awavefront with curvaturesod will be constant for a particular pump power. A long
of equal magnitude but opposite sign in two orthogonal direceylindrical laser rod pumped with the above assumptions will
tions (i.e.,0 = 0 and@ = 172). The thermal-focal length in a produce a quadratic radial temperature and strain distribution
given plane is easily calculated from the number of waves dhat will lead to a quadratic radial index-of-refraction profile in
defocus and astigmatism and is given by (using a small anglee rod!2 Since Nd:YLF is a uniaxial crystal, the quadratic
approximation) radial profile will be different in two orthogonal directions.

Figure 71.40 shows the measured aberrations as a function
(3)  of the pump repetition rate for the case of the laser-diode—
pumped laser rod usingpolarized light in the rod (gain at
=1047 nm). Figure 71.41 shows the same measurements using
wheref, is the focal length in the plane perpendicular to theo-polarized light in the rod (gain dt= 1053 nm). In these
crystalc axis @ = 12 or[d ¢) andf_ is the focal length in the figures, the data points for defocus and astigmatism are fit to a

3
2A(Dger Dog/2)’

plane parallel to the crystalaxis @ = 0 or ||c). straight line, while the data points for coma and spherical are
(@) (b)
Defocus Astigmatism
Dash

‘)1 Baef ’(; Wavefront_) 2

Figure 71.39

Surfaces of constant phase (wavefront shown
with thin lines) for (a) pure defocus and (b) pure
astigmatism as defined and used in our analysis.
Here A is the wavelength of the interferometer
source (1053 nm)\def is the number of waves
of defocus measured, afdstis the number of
waves of astigmatism measured.
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connected by dashed lines. It can be seen from these data thperture used to analyze the fringe data). Figure 71.42 shows
although a small amount of coma and spherical aberration wése thermally induced dioptric powers (defined as one divided
measured, defocus and astigmatism are the dominant aberbg-the thermal-focal length in meters) for the case of the laser-
tions. Coma and spherical will henceforth be neglected frordiode—pumped laser rod usiregpolarized lightin the rod (gain

our analysis. Thermal-focal lengths can be calculated from thist A = 1047 nm), and Fig. 71.43 shows the same data using
data using Eq. (3) witlhg = 2.2 mm (the radius of the rod o-polarized light in the rod (gain at= 1053 nm). Again the
data are fit to straight lines. In these figures, two dioptric
powers are given corresponding to the planes parallel and
perpendicular to the crystalaxis as described above.

1047-nm polarization

0.0 _"'=*=:::§?3333§::¥::§----i---—i---g For the case of the xenon-flash-lamp—pumped system the
L l thermally induced aberrations usiggpolarized light in the
m - . rod (gain att = 1053 nm) were too small to measure since the
o 0.2 7 repetition rate of the flash-lamp power supply was limited to
‘;5 ] 60 Hz. Figure 71.44 shows the thermally induced dioptric
- ~o- Spherical ] powers (with straight line fits) for the case of the xenon-flash-
=041 4 coma . lamp—pumped laser rod (dashed lines) usiapplarized light
| _m- Defocus in the rod (gain ak = 1047 nm). For comparison we have also
| —A— Astigmatism shown in Fig. 71.44 the same data for the laser-diode—pumped
0fL— system (taken from Fig. 71.40 and plotted with solid lines). All
0 50 100 150 200 datain Figs. 71.40—71.44 are taken for the rod pumped to the
. Pump repetition rate (Hz) same small-signal gain (1.8 at 1053 nm). It can be seen that the
xenon-flash-lamp—pumped system shows more thermal dis-
Figure 7140 tortion than the laser-diode—pumped system when pumped to

Waves of aberration measured witipolarized light (corresponding to gain the same smaII-S|gnaI gain.

at 1047 nm) as a function of the pump repetition rate for our laser-diode-
pumped Nd:YLF laser rod pumped to a small-signal gain of 1.8 at 1053 nm.

1053-nm polarization
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Pump repetition rate (Hz
E8487h prep (Hz) Figure 71.42
Dioptric power (inverse of the thermal-focal length in meters) calculated
Figure 71.41 from the data in Fig. 71.40 as a function of the pump repetition rate. The

Waves of aberration measured witipolarized light (corresponding to gain  dioptric power for the plane containing the optic axis (crystalis) and the
at 1053 nm) as a function of the pump repetition rate for our laser-diodesrystalc axis is labeled { and for the plane containing the optic axis and the
pumped Nd:YLF laser rod pumped to a small-signal gain of 1.8 at 1053 nnetrystalb axis is labeled] c.
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Figure 71.43

Comparison of the dioptric powers (inverse of the thermal-focal length in
Dioptric power (inverse of the thermal-focal length in meters) calculatedneters) as a function of the pump repetition rate measured for xenon-flash-
from the data in Fig. 71.41 as a function of the pump repetition rate. Theamp—pumped- and laser-diode—pumped Nd:YLF laser rods pumped to the
dioptric power is labeled || ¢ for the plane containing the optic axis (caystal same small-signal gain. The data have been fit to straight lines with the xenon-
axis) and the crystalaxis and( c for the plane containing the optic axis and flash-lamp—pumped data shown as dashed lines and the laser-diode—pumped
the crystab axis. data (taken from Fig. 71.42) shown as solid lines.

The dioptric powers in Figs. 71.42—71.44 can be written foflash lamp is operated at 60 Hz with 11 J per pulse, the average

the two orthogonal planes’s electrical power dissipated in the lamp is 660 W. This cali-
brates the axes in Figs. 71.42—71.44 to lamp average electrical
Dy = Koy Pa/A, (4) power, and we can then state dioptric-power coefficients ac-

cordingly. Table 71.VIl summarizes our dioptric-power
coefficientsky |, defined in this way, using the appropriate
whereDp are the dioptric powers in the planes perpendiculavalues for the rod areas.
and parallel to the axis,P, is the total heat dissipated by the
rod (equivalent in steady state to the total heat absorbed by thelt is coincidental that our dioptric-power measurements for
rod), A is the rod cross-sectional area, and khg are the  our laser-diode—pumped rod are very similar to those reported
dioptric-power coefficients defined in terms of the materialby Cerulloet al” for their krypton-flash-lamp—pumped rod. It
parameters of Nd:YLF. would be inappropriate, however, to base any conclusions on
this since among other things the rods have different diameters
The heat dissipated by the rod was not measured; howevand the coupling efficiencies are very different for the two
to compare our dioptric-power measurements to those stateddases. In fact, a true comparison of these data should include a
the literature, we will make similar assumptions: We assumdetailed analysis of the cooling and coupling efficiencies
that the total heat dissipated by the rod is proportional to thementioned above for each case, since the heat dissipated by the
average electrical power dissipated in the flash lamps, whered is the appropriate quantity to use in Eq. (4). This analysis
the proportionality constant involves many coupling efficien-would go far beyond the intent of this article.
cies. We redefine the dioptric-power coefficients in Eq. (4) to
include this proportionality constant. We can then calculate The distortions in the xenon-flash-lamp—pumped rod
these newly defined dioptric-power coefficients using oumvere also measured at a higher gain. The capacitor-bank
dioptric-power measurements and the average electricabltage was increased from 385 V to 460 V, corresponding to
power dissipated in our xenon flash lamp. When our xenoa 43% increase in pump-pulse energy from 11 J per pulse to
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Table 71.VII: The coefficients of the thermal-dioptric power as defined in Eq. (4) and discussed in the text.

Laser diode k Laser diode kn Xenon flash lamp k[ Xenon flash lamp ky
A (nm) (mm/kW) (mm/kw) (mm/kw) (mm/kw)
1047 -0.767 x 1073 -2.76 x 1073 -0.565 x 1073 -2.38x 1073
1053 —0.566 x 103 +0.153 x 103 no data no data

16 J per pulse. We found that the measured thermal distortio(ghown as solid lines in Fig. 71.45), and an exponential decay
scaled linearly with this corresponding increase in averaggéme constant (time for the aberrations to decayemfltheir
pump power as expected from Eq. (4). However, if the pumpralue when pumping was removed) of approximately 1.5 swas
pulse energy were increased significantly beyond this, thebtained. These measurements were also made with the
lamp’s spectral output would change and different result4053-nm transition, and no significant change in the thermal-
would be expected. time constant could be measured.

The thermal-time constant of the distortions in our laserSummary

diode—pumped rod was measured with the camera and VCR We have made detailed interferometric measurements of
frame sequencer as described above. The data are showrthia thermal distortions in xenon-flash-lamp— and laser-diode—
Fig. 71.45. The thermal distortions were measured usingumped Nd:YLF laser rods. In both cases, defocus and
Tepolarized light (gain at = 1047 nm) in our laser-diode rod astigmatism were the dominant thermal distortions. The ther-
pumped at a 200-Hz repetition rate as in Fig. 71.40. Pumpingal distortions in our flash-lamp—pumped rod were greater
was removed at time equals zero in Fig. 71.45 (with the coolinthan the thermal distortions in our laser-diode—pumped rod
liquid left on), and the thermal distortions were measuredvhen pumped to the same small-signal gain. Finally, we
thereafter at known intervals (determined from the frameneasured the thermal-relaxation time of our laser-diode—
sequence numbers of the fringe data). The data points fpumped Nd:YLF rod to be approximately 1.5 s.

defocus and astigmatism were fitted to exponential curves
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