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Abstract
We report on the performance of a multi-pass diode-pumped amplifier designed to
provide a combination of high gain and efficiency with high stability. A simple rod-cavity design
and the establishment of quasi-steady-state operation resulted in a saturated gain of over 6000 at
an average output intensity during the pulse train of 7kW/cm®. The amplifier showed an output
stability of 0.2% rms in the short term and 0.7%rms in the long term, and an output intensity
insensitive to input power changes. Zernike analysis of the measurements of pump distortion
showed an almost pure astigmatic phase error which can be compensated up to high average

power levels.
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A high performance diode-pumped Nd:YLF amplifier

Introduction

Potential applications of high average power lasers have led to intense research and
development of diode-pumped systems. It is now possible to purchase a variety of such lasers,
mainly directed towards engineering applications, but as yet these are unable to satisfy the many
and often more difficult requirements of scientific applications. The work reported here is
specifically directed towards meeting the requirements of one such application, to use a photo-
cathode to generate the electron bunches suitable for injection into linear accelerators. Table 1.
indicates the principle performance specification for a photo-injector laser to provide the electron
bunch trains for the proposed future TeV linear accelerator, CLIC, at CERN. Such a laser would
also provide the basis of suitable designs for a number of similar requirements in both particle
physics and other areas.

Given the specification shown in Table 1. the basis of the laser system has been chosen to
be a diode-pumped Master Oscillator-Power Amplifier laser operating at a wavelength of about 1
um and followed by a pair of non-linear crystals for conversion to a UV wavelength suitable for
the photo-cathode. If a cw mode-locked oscillator is used, then this system offers the best
opportunity for high stability and efficiency, and makes use of well proven diode pumping
technology. The particular combination of requirements, for sub-10ps pulses, high gain and
efficiency and low pump-induced distortion, led to the choice of Nd:YLF as the laser medium,
although its low fracture stress would ultimately restrict the maximum average operating power.

Figure 1 illustrates the basic design of the photo-injector laser. A high average power cw
mode-locked Nd:YLF laser operating at S00MHz serves as the oscillator. Since systems with

pulse duration below 10ps, with powers of tens of watts and with mode-locked frequency up to



2GHz have been demonstrated '™ there is no need for further development and suitable systems
are available commercially. The oscillator pulses are amplified and frequency converted to the
fourth harmonic before relaying to the photo-cathode of the accelerator. Additional components
in the laser system are likely to include feedback stabilisation, optics for beam relaying, spatial
profile control, compensation for thermal distortion, and a Pockels' cell gate to define the ends of
the pulse train.

The principal aspect of this laser system requiring development is the design and
operation of the amplifiers. These must be efficient to minimise the cost of the pump diode
arrays, have high gain to minimise the number of amplifiers and must show a very high degree
of output stability. For cost and simplicity a cylindrical pumping cavity design is used as shown
in Figure 2. Diode arrays are distributed around the rod using a geometry which ensures that
(excluding reflection losses) at least 95% of the uncollimated diode output is intercepted by the
rod. Residual unabsorbed pump radiation emerging from the back side of the rod is reflected
back into the rod using coatings on the outside of the flow tube in regions not occupied by diode
arrays. This ensures high absorption efficiency and helps to symmetrise the pump distribution
over the rod cross-section. The rod is immersed in water both for cooling and to minimise
reflection loss at the surfaces of rod (0.25%) and flow tube (0.2%). Such a design is best
matched to a rod diameter of about 10mm but can work well for smaller rods if a simple lens is
inserted in front of each diode array.

The average power limit of this amplifier using Nd:YLF is given by its fracture limit, of
approximately 18W/cm, this being the maximum rate of deposition of heat per unit length of rod.
Since the thermal dissipation into Nd:YLF due to the quantum defect is 32% of the excited state

pump rate then it follows that the maximum extractable power is a factor (1-0.32)/0.32 = 2.13



higher than the fracture limit, or 56W/cm. For example a 10cm rod could give a maximum
output power of about 500W. Techniques to increase the fracture limit, such as that used for
Nd:YAG’, may enable this limit to be extended.

The mode of operation of the amplifier must be selected so as to give a high gain but at
the same time it is necessary to operate under conditions of heavy gain saturation in order to
achieve high efficiency and stabilise the output power. We used a four pass geometry as shown
in Figure 3. However for such a high gain system it will be important to establish the gain limit
set by pump depletion resulting from amplified spontaneous emission. Such a limit could be a
serious problem if too many passes are used with too close an optical coupling between passes.

In order to establish the best operating mode and optimise the performance a multi-pass

analysis of this amplifier was carried out.

Analysis

The analysis is given for Nd:YLF but can readily be used for other materials and
amplifier designs. The examples used will be for the test amplifier as used for all the
experimental results given below. This amplifier is fitted with a Smm diameter by 50mm long
rod of Nd:YLF and is pumped by 5 stacked diode arrays each providing a peak pump power of
1kW. The diode arrays are QCW and can be operated at up to 2% duty cycle. Most of the test
data was taken at SHz with a square pump pulse of duration up to 800ps.

The amplifier is most stable when it is operated in a 'quasi-steady-state' mode. If this can
be established during the pump time then the excited state population levels in the amplifier do

not change with time and there will be a balance between the input pump power reaching the



upper laser level (pump rate) and the sum of the power lost to the amplified beam and to

amplified spontaneous emission (ASE), or:

F, InG1+B
Ipzlout_lin-*-sal— (1)
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where: | ,1,,,1;, are the pump rate, output intensity and input intensity respectively
Fsat = saturation fluence; G = amplifier gain

Nk = splitting ratio in the upper laser level
T, = fluorescence lifetime of the excited state

and where B is the increase in the excited state decay rate resulting from ASE.

Since the contribution to the intensity (dlp) at any position P in the rod from a volume element

dV at a distance r can be written f(N/T)hvexp[ar]dvdQ = (fal, exp[ar]dV)/41r >, and since
this leads to a rate of change of excited state population at P given by (N/1)(dl, /1) the value

of Bp can be calculated from:

B - fq J~eXp(XI' @)
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where: f = fraction of excited state population fluorescing at the laser wavelength

0 = gain coefficient
and the integral is evaluated over the volume V of the rod and must include surface reflections.
Equations 1 and 2 need to be reformulated to apply to our 4-pass test amplifier. Assuming a
constant beam size from pass to pass and an intra-pass loss of L, equation 1 can be re-written as:
I, = f(G), +f,(G) 3)

p

Where:



f(G)=(1-LG*+(1-L)LG* +(1-L)LG> +LG -1 and f,(G)

and where: G = single pass gain of amplifier

For a 4-pass amplifier with good decoupling (for example a long distance) between
passes and for a rod with a diffuse barrel surface, an approximate expression for B is:

B=0.05(d/1)”G (4)
for a rod of length | and diameter d .

In this analysis since the pulse trains in question have an individual pulse fluence very
small compared to the saturation fluence, the gain characteristics of the amplifier are not
dependent on the pulse nature of the beam and valid results can be obtained by assuming the
input beam to be continuous.

The extraction efficiency (nex) of the amplifier, is defined here as the ratio of the intensity
increase of the amplified beam to the pump rate:

| -1
nex - outI in (5)

p
Since the ASE loss increases with gain, there will necessarily be a compromise between
efficiency and gain. For our 4-pass test amplifier Figure 4 shows the calculated variation of
efficiency with 4-pass gain and predicts that gains of more than 10* can be obtained with
Nd:YLF without a major reduction in efficiency.
Two measures of stability can be derived for steady state operation by differentiating
equation 1 to give:

dl = (fl'lin + fz')dG+ fldlin (6)
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Use of the substitution |, =(1—-L)*.G*.l,, leads to an equation for the interdependence

between changes in input, pump and output intensities:

di G dl.
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where f,', f,' are the differentials of f; and f, respectively with respect to G. For the test

amplifier with measured values of 9 for G, 4.7kW/cm® for |, , and 0.2 for L this reduces to:
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The stability for the laser system is consequently largely determined by the stability of the
pumping rate of the final amplifier and can support much larger variations from earlier in the
system.

Having established the expected performance in the steady state mode it is useful to
consider the process by which the steady state can be reached. To do this we calculate the
dynamic response of the amplifier in the presence of a time-varying pump and input signal beam.
The dynamics of the amplifier are described by the spatial and temporal changes to the amplifier

gain coefficient. For an input pulse train with a time separation of Tg between pulses the

incremental change in the gain coefficient from one pulse to the next has three contributions: the
increase due to pumping; the loss due to fluorescence enhanced by amplified spontaneous

emission; and the depletion by the previous pulse. The net change is given by:

(zths _a(ztt,(1+B) _a(zhn.F(zt)
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where: Ng= level splitting ratio in the upper laser state and it is assumed that the

equilibrium in the level populations is re-established in a time short compared with ts.



F (Z,t) = the sum of the pulse fluences in all passes at position z and time t.

For a single pass amplifier the pulse fluence at (z,t) is given by:

F(zt)=F, exp j:a(z,t)dz (10)

and for a 4-pass amplifier it is given by:

exp [ a(zt)dz + Lexp( [[a(ztydz+ L'a(z,t)dz)

F(zt) =F,(t) (11)

+ exp(2£ a(zt)dz+ Lza(z,t)dz) +° exp(?).[; a(zt)dz+ .Ea(z,t)dz)

Solving these equations for the test 4-pass amplifier with a constant fluence input pulse train of
average power 500mW, and a constant pump pulse starting at t = 0, gives the output fluence
shown in Figure 5. It can be seen that steady-state operation is achieved after 500us with a
perfectly stable output after this time. Such a mode of operation of the amplifier suffers from an
additional efficiency loss during the build-up time of the output pulse fluence. This can be
reduced by gating the input pulse train to turn on some time after initiation of the pump at a time
when the gain has first reached its steady-state value®. In this case the pre-pump period, during
which the output efficiency is zero, is reduced to 300us. However the timing accuracy of the
input gate must be better than ~20us in this case and leads to an additional and perhaps

unnecessary complexity to the system.

Test amplifier performance
An amplifier head was constructed to the design shown in Figure 2 and used to pump a
S5mm diameter by 50mm long rod of Nd:YLF. 5 QCW 1kW stacked diode arrays (Thales) were

distributed around the rod as shown in Figure 2 and an additional lens in front of each array



ensured efficient optical coupling to the rod. The diode wavelengths were in the range 798 to
802 nm to provide good absorption efficiency for both polarisations’ Repetition rate was
normally SHz with pump duration in the range 400 - 800ys.

The input seed beam was provided by an 800mW CW Nd:YLF laser (Crystalaser) and
the injection optics of the 4-pass geometry gave a beam size of 4mm in the first pass and
adjustable down to Imm in the final pass. The propagation distance between passes of 1m
ensured low ASE pass-to-pass coupling and good beam overlap in all passes.

Gain and saturation

Figure 6 shows the fluorescence distribution in the rod for pumping with individual diode
arrays and with all five arrays together. The effect of pump polarisation is seen since the top
diode polarisation at the rod is 's' which is more strongly absorbed by the rod, and the bottom
diodes are mostly 'p' polarisation at the rod and the absorption is less. The combined effect of all
diodes is equivalent to 50% 's' and 50% 'p' and provides quite uniform pumping as illustrated in
the centre image showing the heavily saturated gain distribution.

The ability of the amplifier to generate high gain is shown in Figure 7 by the measured
evolution of the small signal gain during the 600us pump duration. Also shown is a calculated
profile for which the best match to the measured curve gave a combined pump cavity transfer
and rod absorption efficiency of 53%. The peak gain achieved was 5x10° with a background
ASE intensity measured at the 10~ level.

At the maximum available input power into the first pass of 450mW it was possible to
strongly saturate the amplifier, giving the evolution of output intensity shown in Figure 8. This

is seen to be in good agreement with the calculated profile, and in this case the steady state is



reached after 350us as expected, with an output intensity at 7kW/cm” which is 8x the saturation
intensity for Nd:YLF.

Further evidence for the degree of saturation is indicated by the change in output beam
spatial profile as a result of the amplification (Figure 9). This amplified beam has a flat-top of
diameter 2.5mm containing a peak power of 380W, in comparison with the unamplified
approximately Gaussian profile with FWHM of 1mm.

Stability

The output pulse train stability is a critical feature of this type of laser system as indicated
by the required specification in Table 1 and this must be maintainable over periods of perhaps
several hours. The proposed design of system aims to achieve the best possible stability by using
diode pumping and by relying on heavy saturation of the amplifiers to provide a strong clamp on
the output intensity. As indicated by the earlier 'steady-state' analysis such a design largely
confines the problem to stabilising the pump rate in the final amplifier. This is dependent on two
principal factors: the current to the diode array, and the temperature of the coolant, the latter
having a strong influence on the diode spectrum and hence the absorption efficiency of the laser
rod. In our system the diode driver was stable to about 0.5% long term and the temperature of
the coolant was maintained to 0.5deg. Evidently both of these could be improved. An indication
of the need for precise control of temperature is shown by an example of the measured variation
of output with temperature shown in Figure 10.

Stability measurements were conducted using an InGaAs photodiode which has a very
low temperature coefficient at 1047nm and is not sensitive to background visible radiation,
together with an oscilloscope with stability in the region of 0.1%. Allowing a period of at least

30 minutes for stabilisation, the short and long term stability of the output power was measured
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and is shown in Figure 11. The rms stability was measured at less than 0.2% in short term and
less than 0.7% over a period of one hour. This excellent performance was achieved without
special precautions to stabilise the mechanics and environment and without any feedback
stabilisation system. In order to demonstrate the insensitivity to variations of the amplifier input
power the amplifier was operated at maximum gain saturation (top curve in figure 12) and the
oscillator was then attenuated by a factor ~10. This led to a reduction of only a few % in the
saturated output of the amplifier (middle curve of Figure 12).

Thermal aberrations in the amplifier

In the photo-injector application under consideration, and in many others, the optical
integrity of the amplified beam is important and one good reason for selecting Nd:YLF as the
gain medium is its much reduced thermal lensing in comparison with other materials such as
Nd:YAG®. A radial shear Sagnac interferometer placed in the amplified beam was used to assess
the thermal lensing, and the recorded interferograms were analysed using a CCD, frame store
and software package (OFA). Examples of the interferograms recorded with and without
amplifier pumping and for orthogonal orientations are shown in Figure 13 for 10 watts average
thermal power deposited in the rod. A Zernike analysis of these interferograms yielded
significant coefficients only for primary astigmatism and defocus, indicating that the aberration
can be effectively compensated using cylindrical lenses. Using the measured Zernike
coefficients, the Strehl ratio was calculated and plotted in Figure 14 with an extrapolation to
higher powers. For example, taking 0.8 as a minimum acceptable value for the Strehl ratio, this
analysis predicts that the amplifier can be used up to a thermal power of 15 W without requiring
optical compensation and this corresponds to an output average power of up to 40 W for an

amplifier operating at high efficiency. A further factor of 6 increase in output power is possible
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with this amplifier before reaching the fracture point of the rod, but at these levels astigmatic

compensation would be required.

Conclusion

We have proposed and analysed a 'quasi-steady-state’ mode of operation for a pulsed
diode-pumped laser amplifier. Under heavy saturation this amplifier has high extraction
efficiency and is highly stable being only sensitive to changes in its diode pump power and
temperature. In multi-pass operation the amplifier can also have high gain and be very
insensitive to changes in input beam energy or power.

A simple design of amplifier capable of high power and based on Nd:YLF has been
constructed and tested. Its performance provided good verification for the analytical predictions
for gain and efficiency, and the optical quality of the amplifier at high average power was
assessed. The most promising aspect of this amplifier has been the measured output pulse
stability. At 0.7%rms over 1 hour this already competes favourably with the best previous
measurements on lasers and we know this can be improved using a more stable diode-laser
power supply and improved coolant temperature stabiliser. Additional stabilisation is also

achievable using a closed cycle feedback control system.
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Basic design of the photo-injector laser system

Schematic of the amplifier head

a) The experimental arrangement for the diode-pumped amplifier system

b) The four-pass amplifier geometry

The variation of the efficiency of extraction of pump power with the amplifier
gain

The calculated amplified intensity during the pumping period.

The fluorescence distribution across the rod due to the diode arrays individually
and the saturated gain distribution with all diode arrays together.

The calculated and measured small signal gain of the amplifier.

The calculated and measured gain for the amplifier under strong saturation.
Unamplified and amplified output beam distributions showing the effect of strong
saturation, which generates a flat-top from a Gaussian profile.

The dependence of the amplified signal for different coolant temperatures.
Short-term and Long-term stability of the amplified signal with strong saturation.
Low sensitivity of the amplified signal to a large attenuation of the input signal.
Interferograms showing the thermal optical distortion of the amplifier for a heat
deposition rate of 10 watts. a) and b) show the interferograms for orthogonal
orientations without and with pumping respectively.

The Strehl Ratio calculated from the measured optical distortions and

extrapolated up to the fracture limit of the amplifier rod.



Table 1

Photo-cathode specifications for the CLIC photo-injector.

UV energy/pulse S5

Pulse duration 10 ps
Wavelength <270 nm
Time between pulses 2.13 ns
Pulsetrain duration 91.6 Us
Repetition rate 100 Hz
Energy stability <0.1%
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Diode-pumped Nd:YLF amplifiers

Cw mode-locked
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Figure 1 Basic design of the photo-injector laser system
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Figure 2
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Schematic of the amplifier head
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Nd:YLF oscillator
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b)

Figure 3 a) The experimental arrangement for the diode-pumped amplifier system

b) The four-pass amplifier geometry
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Figure 4
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Figure 5
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Figure 6

The fluorescence distribution across the rod due to the diode arrays individually

and the saturated gain distribution with all diode arrays together.
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Figure 8
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Figure 9
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Unamplified (upper) and amplified (lower) output beam distributions showing the

effects of strong saturation, which generates a flat-top from a Gaussian profile.



Figure 10
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Figure 12
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Figure 13 Interferograms showing the thermal optical distortion of the amplifier for a
thermal deposition rate of 10 watts. a) and b) show the interferograms for orthogonal

orientations without and with pumping respectively.
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Strehl-ratio
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The Strehl Ratio calculated from the measured optical distortions and

extrapolated up to the fracture limit of the amplifier rod.
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