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Design and Performance of a Multiterawatt, Subpicosecond
Neodymium Glass Laser

F.G. Pattersonand M.D. Perry

Laser Program, Lawrence Livermore National Laboratory
MC L-490, Livermore, Ca. 94550

There has been considerable activity recently in the development of small
' scale, high-power, short-pulse laser systems for applicatSons in multiphoton

processes,l-3 dense plasma physics,4-6and XUV lasers.7,8To date, the majority of
these experiments have been performed with subpicosecond dyee,lo or
excimer11,12laser systems. The experiments in multiphoton processes which have
been performed with solid-state lasers have generally been performed with lr)nger
(>50 psec) pulses.13,14

Dye lasers are a natural choice for the generation of subpicosecond pulses
due to their large gain bandwidth. Unfortunately, the low saturation fluence and
short storage time of dyes limits the available fluence to a few millijoules per
square centimeter, severely limiting the peak power attainable from dye laser
systems. Excim_:_,:based systems exhibitbandwidths capable of supporting pulses
as short as 200 fsec and saturation fl,.lences on the order of 10 mJ/cm2. Although
higher than dyes, the low stored energy density of excimers requires the use of
large aperture amplifiers to produce pulses exhibiting peak power of more than a
few tens of gigawatts. Nevertheless, terawatt scale short-pulse excimer lasers
have been demonstrated.1.,12

Broad-band solid-state materials such as Nd:Glass, Ti:Sapphire and
Alexandrite, exhibit saturation fluences on the order of Joules/cm2. Unfortunately,

' the large stored energy density of these solid state materials cannot be accessed
directly with short pulses due to beam filamentation caused by the intensity

. dependent refractive index. This limits the power density in a solid-state amplifier
to only a few GW/cm2. The application of chirped-pulse amplification (CPA) to solid-
state lasers le circumvents this problem. With the CPA technique, a chirped,
comparatively long pulse is produced and compressed to a short pulse only after
amplification. The intensity in the amplifiers is kept below the level for significant
nonlinear phase distortion. In this paper, we present the design and performance
of a small scale Nd:Glass laser system employing chirped-pulse amplification to
produce subpicosecond pulses exhibiting peak power exceeding 10 TW.

The technique of chirped-pulse amplification (CPA), developed initially for
radar, consists of four basic elements: 1) production of a clean, linearly-chirped
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pulse of sufficient bandwidth to support the desired final pulse duration, 2)
stretching of the pulse to a duration long enough such that the pulse intensity in the
amplifiers remains below the limit imposed by nonlinear phase distortion, 3)
amplification, 4) compression of the linearly-chirped, amplified pulse to the desired
short pulse duration. These elements are realized In our Nd:Glass based laser
system as shown in Figs. lA and 1B.

The laser system begins with a mode-locked Nd:YLF oscillator which
produces nearly Gaussian, transform-limited, 50 psec pulses at a 76 MHz repetition
rate. A single pulse is selected from the mode-locked train by a dual crystal
Pockels Celt. The single pulse is coupled into a -400 rn single-mode, polarization
preserving fused silica fiber by a combination of a 40 cm focal length lens and a
1.2 cm effective focal length diode laser collimating lens. This combination
provided a good match to the numerical aperture of the fiber resulting in both good
coupling efficiency (60%) and stable fiber alignment. The power into the fiber is
controlled by a combination of a half-wave plat_,and polarizer. An additional half-
wave is used just prior to the fiber in order to accurately match the laser
polarization to the fiber axis. Due to self-phase modulation (SPM) the pulse exiting
a single-mode fiber exhibits a strong power dependent bandwidth below the
Raman threshold. Under these conditions, the compressed pulse will exhibit large
fluctuations in temporal duration as well as amplitude due to any variations in the
pulse energy coupled into the fiber. Variations in the coupled energy can arise
from many sources: amplitude or pointing fluctuations in the master oscillator or
mechanical-vibrational coupling into the optical components. We are able to
minimize these effects in our CPA system by utilizing the results of Heritage et a1.16
These workers demonstrated that a moderately long fiber driven far above the
Raman threshold (third Stokes generation) with a mode-locked Nd:YAG pulse can
produce large, highly-stabilized spectral regions with a linear chirp (=60 A). The
highly linear chirp is a consequence of the pulse reshaping which occurs in the
fiber as the intense Stokes pulse walks through the pump pulse, preferentially
depleting and 1thussteepening its leading edge.17 With these very high input
powers and steepened leading edge, significant bandwidth is generated early in
the fiber, particulary on the red side. Group velocity dispersion (GVD) may thus
linearize the chirped red portion of the spectrum even in short fibers (=145 m)18
while a longer fiber such as that employed in Reference 16 required to iinearize the
blue portion of the spectrum since it is primarily produced later in the fiber. Another
advantage of operating far above the Raman threshold is that the energy and
bandwidth of the pulse exiting the fiber is clamped because any incremental
increase in input energy is converted directly into additional energy in the high-
order Stokes pulses.IS,18 using the method of spectral windowing19 as well as
streaked spectroscopy, we have verified the results of Reference 16 using the
identical fiber with 50 psec Nd:YLF pulses to produce stabilized 500 fsec pulses
from a 65 A linearly-chirped spectrum (Fig. 2A). (]''he time-bandwidth product for
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the square spectrum produced directly out of the fiber is Avo_t = .88.)

As a result of the combined effects of GVD, SPM and Raman generation the
pulse has been broadened and reshaped temporally from the iL_itial 50 psec
Gaussian to a pulse of 110 psec duration and a shape similar to that of its
spectrum (90 A bandwidth, Fig. 2A). A reduced spectral region of this chirped
pulse will have a correspondingly shorter pulse duration. Due to gain bandwidth
narrowingx discussed below, only an -40 A spectrum can be maintained in the
amplifier system. Therefore, the stretcher used to increase the duration of the
chirped pulse prior to amplification has been designed to pass only -40 A,
resulting in an initial, effective pulse duration of only about 50 psec. This stretcher,
based roughly on the design of Martinez,2oemploys 1200 lines/mm ruled diffraction
gratings used near Littrow in a dual pass geometry. Two pairs of lenses
(f1=100 cm, f2=10 cm) are used in the stretcher in order to relay the image of the
first grating with adjustable magnification. The variable magnification, easily
controlled by turning a micrometer to change the position one lens, allows the
pulse compression to be quickly and accurately optimized while monitoring the
pulse autocorrelation signal. No adjustment of the large, bulky compression
gratings is necessary. This unique stretcher and the advantages it offers to CPA-
based laser systems is discussed in detail elsewhere.21 At the focal plane of the
stretcher, the frequency components of the chirped pulse are spatially resolved
allowing use of a hard filter to eliminate unwanted spectral components.19 The use
of the spectral filter results in a pulse exiting the stretcher having nearly ali of its
energy linearly ctlirped. We have used this device to stretch large bandwidth
pulses (=60 A) from 75 psec to as much as 1.2 nsec. In order to match the 1200
lines/mm compre_;so[ used here (=900 cm grating separation), the stretcher was
adjusted to provide 400 psec pulses at an incident bandwidth of 40 A.
Compression of the pulse at this point yields an essentially sinc2 pulse shape with
a time-bandwidth product of 0.95+.06 in good agreement with model calculations.

, The stretched, low energy (1 nj), p-polarized single pulse is coupled into a
ring regenerative amplifier by a 2m single-mode, polarization preserving fiber. The
position and focal length of the fiber collimating lens is such that the seed beam is
approximately mode-matched into the regenerative amplifier. The ring
regenerative amplifier is a stable TEMoo laser cavity used to provide a large net

. gain (107) free of spectral modulation.22 The seed pulse enters the ring
regenerative amplifier by passing through a thin.-film polarizer (TFP1). The pulse
passes through a single crystal Pockels cell, initially with no applied voltage. The
pulse exits the Pockels cell on this first pass with its polarization unaltered and
hence passes through a second polarizer oriented to reject s-polarized light. The
pulse then transits a pair of identical 4x65mm Neodymium doped (3%) HAP3
glass amplifiers. HAP3 is a high thermal conductivity (0.89 W/cre K) phosphate
glass exhibiting a peak fluorescence at 1052.6 nm, nearly identical to the central
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wavelength of the chirped pulse, i052.7 nm. The use of this glass type results in
symmetric gain narrowing of the chirped pulse spectrum and is important in
obtaining high contrast pulses of minimum duration.23

The regenerative amplifier can be operated at a variety of repetition rates.
When compressed pulses with the best possible contrast ratio are needed a
repetition rate of .25 Hz is employed to completely eliminate thermal birefringence
which can result in spectral modulation.x In this case, the regenerative amplifier is
made into a stable resonator by the addition of a single piano-convex lens and the
distance around the ring is adjusted to be two focal lengths. If a higher repetition
rate is desired (=2 Hz) the same design is employed except a diverging lens is
added to cancel the thermal focussing in the Nd:glass laser rods. The dual
amplifier arrangement employed here, minimizes the unavoidable effects of
thermal birefringence.24 A 90 degree rotator placed after the first amplifier not only
rotates the average polarization of the beam from p to s but also rotates the
polarization ellipse of those areas of the beam which have become depolarized.
Passage through a second identical amplifier then (partially) cancels the
birefringent depolarization introduced by the first. The pulse next passes through a
hard aperture. The aperture serves an important function in discriminating against
amplified spontaneous emission and defining the cavity mode. Only the radiation
emitted in the cavity mode defined by the limiting aperture can be amplified. The
long optical path length around the cavity (3 m) increases the ability of the
resonator discrimir_ate against the ASE and also reduces the rise time
requirements on the high voltage pulse which drives the Pockels cell.

After reflection by three cavity mirrors, the now s-polarized pulse is incident
upon TFr-1 at Brewster's angle and is reflected with nearly 100% efficiency by this
polarizer. Shortly after the pulse made its initial pass through the Pockels cell, a
fast high voltage pulse was applied to the KD*P Pockels cell to provide a half-wave
retardation. The voltage pulse has a risetime of =1 nsec and is derived from a
planar triode driver. A splitter/inverter is used to place +4 kV on one side of the

' Pockels cell and -4 kV on the other yielding a net 8 KV applied to the Pockels cell.
"[he pulse, rotated to p-polarization by the Pockels cell, passes the second
polarizer and begins another trip around the cavity. The Pockels cell remains
biased at the half-wave voltage, trapping the pulse in the regenerative amplifier for
the desired number of passes through the gain medium. The pulse is ejected from
the cavity by dropping the Pockels cell voltage to ground. This causes an s-
polarized pulse to strike TFP2, resulting in its reflection out of the cavity.

After the regenerative amplifier, the 10 mJ pulse is propagated through a
relay-imaged, B-integral,limited amplifier chain (Fig. 1B). The design of this optical
system is patterned after that employed by the world's most powerful laser, the
Nova fusion laser located at Lawrence Livermore National Laboratory.25 After
expansion to --8 mm (1/e2), the Gaussian (spatial)laser beam illuminates an
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=2.5 mm serrated aperture26. The image of this aperture is relayed by a series of
spatial filters down the amplifier chain. There are three advantages to this
technique. First, the image of this aperture gives a nearly uniform (square) beam
profile, resulting in a 1:1 peak to average ratio (ideal case). In contrast, a Gaussian
beam profile has a 2:1 peak to average ratio. Thus fora given amplifier aperture
size, a uniform beam profile allows a larger pulse energy to be extracted while
maintaining a lower peak intensity. Second, the steep rising edge of the uniform
beam profile allows a larger fill factor to be used in the amplifiers compared to
Gaussian beams which are usually employed. The Gaussian beam fills only ,,22%
of the volume of a laser rod with diameter d=3w, whereas an approximately uniform
beam profile fills =86% of the rod volume at the same diameter.27 Third, the impact
of diffraction effects from the phase and amplitude aberrations which are always
present even in high quality optical components is minimized because the amplifier
heads and other damage prone optical elements (e.g., Faraday rotators) are
positioned as closely as possible to the aperture image planes, i.e., in the near field
wher_ ripple growth due to diffraction has not had the opportunity to develop.2s

The energy and optical parameters for propagation through the amplifier
chain is as follows (see Figs. lA and 1B). The 1 mj pulse which transmits the
serrated aperture is relayed with an air spatial filter (ASF, f#=61, M=2.3) through
two LG-760 Nd:Phosphate glass amplifier rods of 9 mm diameter. Next, the 100 mj
output pulse is relayed by a vacuum spatial filter (VSF1, f#=17.4, M=3) through a
30 mm diameter permanent magnet Faraday rotator and a 19 mm diameter rod
amplifier consisting of HAP3 laser glass. The 1.5 J output from this amplifier is
relayed into the final 45 mm rod amplifier with a VSF2 of f#=8.7 and M-2.3. A
pulsed magnet Faraday rotator with a diameter of 80 mm is used to isolate the
45 mm amplifier from the rest of the amplifier chain. The final 11 J pulse is relayed
into the compressor system with VSF3 (f#=20, M=2.5).

Relay imaging (with magnification) into the pulse compressor is important for
two reasons. The beam is expanded to a 10 cm diameter in order to keep the
fluence below the damage threshold of the gratings. The highest fluence occurs on

' II

the first of our three grating compressor. The three grating design is a simple
modification of the conventional double-pass dual grating compressor with the third
grating vertically displaced above the first. This is necessary to fit a full 10 cm
diameter beam in a double-pass geometry using our 1200 lines/mm, 154 x 200
mm, ruled gratings. The beam encounters the first grating at 35 degrees, slightly off
Littrow (39.2°) and is dispersed over a -9 m slant distance to the second grating.
The beam is retroreflected upward at a slight angle (=2°) in order to be vertically
displaced 30 cm upon completion of the second pass. Compression is stopped at
this point by a third grating which diffracts (and collimates) the beam to a final
mirror for passage to the target chamber. The fluence on the first grating :s less
than 100 mJ/cm2. This is nearly a factor of four below the damage threshold
measured by others for these gratings.2_
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The second reason for beam expansion is to keep the peak power below the
level at which nonlinear effects become important both for propagation in air and
transmission through optics (e.g. vacuum windows, conversion crystals, lenses).
The most significant of these is wavefront distortion of the beam arising from the
nonlinear refractive index, n21. This distortion can lead to self-
focusing/filamentation of high-power beams. The degree of phase distortion
induced by nonlinear propagation is quantified by calculating the "B-Integral,29

B = 2,dr . n2i(z) • I(z) dz (1)

where I(z)is the intensity as a function of position, L is the pathlength through the
optical element under consideration and _. is the laser wavelength. Values of B
should be kept as low as possible and should never be greater than approximately

in order to maintain near diffraction limited beam quality and avoid the self-
focusing problems mentioned previously. For the 1 cm thick fused silica windows
used in our system, n21=3.10-1scm2/W, a 10 TW beam with a diameter of 10 cm
results in a B value of 2.3, below the value required for significant degradation of
beam quality.

Beam quality is monitored on a shot to shot basis by an imaging system
coupled to a CCD camera. The beam exiting the vacuum spatial filter and viewed
after ali transmitting optics is a near diffraction-limited. However, a double-pass
through the compressor imparts a periodic modulation on the wavefront which
degrades the beam quality. This problem has been traced to a defect in the
manufacturing process of the gratings which has recently been corrected. Tests of
small sample gratings produced by an interferometrically-controlled ruling process
show no detectable degradation of beam quality. New large area gratings are
currently being manufactured.

Most Nd:Phosphate glasses exhibit a fluorescence iinewidth greater than 20
nm. However, the frequency dependence of the gain coefficient results in distortion
and exponential narrewing of the spectrum of an initially broad band pulse
subjected to strong amplification. Specifically, the spectral distribution exiting a
multipass amplifier, Iout(o0),is related to the input spectrum, lin(O)),by

lout(O))= iin(¢,.O)•[1-[_((:o)]N"GO(OO)N (2)

where _(o_)is the per pass loss, Go(o0)isthe frequency-dependent small signal gain
and N is the number of passes. This expression is strictly valid only in th_ small-
signal limit° Saturation effects will tend to distort the spectrum of a chirped-pulse3O
and can compromise the quality of the chirped-pulse. These effects are negligible



in the system described here since the fluence in the amplifier chain never rises
above one-third of the saturation fluence. Hence, equation (2) is adequate to
describe the effect of amplification on the spectrum of the chirped input pulse. In
the case of frequency independent loss, the spectral narrowing is dete_,_,!ned
solely by the total gain, Go(o))N.

In order to obtain theshortest compressed pulse, it is necessary to minimize
the degree of gain narrowing while simultaneously shaping the chirped
spectrtJm.23The simple equation above suggests three methods to maximize the
spectral width of an amplified pulse: 1) _ecrease the system losses to minimize
the total gain required to attain the necessary energy output. 2) Broaden the gain
profile, Go(o)). 3) include a frequency dependent loss, 13(o)),which reduces the net
gain at the peak of the gain profile. In the system described here, the degree of
gain narrowing is carefully controlled to shape and optimize the spectrum to
generate high-contrast, transform-limited compressed pulses with a minimum time-
bandwidth product. This requires an effective gain profile which is nearly Gaussian
near the peak and is incompatible with method (3) described above. The first two
methods of reducing gain narrowing are employed as described below.

Our system is designed to amplify a chirped, 1 nj pulse to a final energy
>10 J, a net gain of =1x101o. The majority of this occurs in the regenerative
amplifier where the 1nj pulse is amplified to 10 mJ. For this reason, our efforts to
control gain narrowing are concentrated here. After many experiments in which
several different regenerative amplifier designs were examined, the ring
regenerative amplifier (described in more detail elsewherex) was chosen as that
prowding the highest gain per pass while maintaining the minimum frequency
independent loss. This regenerative amplifier provides a net gain of approximately
lx107 (from ~ 1 nj to 10 mJ) for only 10 round-trips corresponding to a net single-
pass gain of five. The round-trip losses are close to 20% resulting in a total gain of
8x107. The remaining amplifiers provide gains of 10, 10, 15, and 7.3, respectively
for a total system gain of approximately 8.8x1011 and a corresponding net gain of
lx101o. For an 11 Joule pulse exiting the amplifier chain 7.5 J are obtained out of
the compressor, corresponding to a gratingefficiency of 91%. The output spectra
and autocorrelation of the compressed pulse are shown in Fig. 2 along with the
corresponding calculated results. The measured time-bandwidth product of
0.48±.06 agrees well with the calculated values (.51).

The calculations presented in Figs. 2 are the results of a six-step model of
our system: 1) the electric field, E(o)),exiting the fiber is calculated from the Fourier
transform of a linearly-chirped, smoothed square pulse, 2) the pulse stretcher is
represented by a quadratic phase f_ctor, 3) any spectral filtering is taken as
amplitude modulation, 4) amplification with the detailed frequency-dependent gain
profile exhibited by the particular Nd:Phosphate glass chosen, 5) compression is
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represented by the quadratic part of the phase factor (a linear compressor) of the
double-pass grating pair, 6) the temporal distribution is then calculated by the
inverse Fourier transform of the compressed pulse. The approximation of the
grating stretcher/compressor as contributing a purely quadratic phase (linear
compressor) is quite accurate for the bandwidth and compression factor
considered here.

In conclusion, we have developed a ld:phosphate Glass laser system
capable of producing 7.5 Joules in 700 fsec (10.7 TW) with a uniform beam spatial
profile. The pulse repetition rate is one shot eve.ryfour minutes.
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F.Fiaure CaDtiQn,_

1. A) Layoutof the frontend ofthe CPA lasersystem,ASF= air spatialfilter,TFP=
thin film polarizer. B) Large amplifier and compression section of the CPA
system, VSF=vacuum spatialfilter.

,,

2. A) Chirped Spectrumwitha 2 wattoutput fromthe 400 m fiber. B) Measured
and calculated amplifiedspectra at the 10 mj level outof the ring regenerative
amplifier. A total gain of 8x107 is assumed for the calculated spectrum. C)
Measured and calculated autocorrelationsignals for the spectrum of Fig. 2A.
The agreement between the measured and calculatedtime-bandwidthproducts
is excellent, indicating that the amplified, compressed pulse are very.close to
Fourier transform-limited.
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