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A. Isemann *, P. Weßels, C. Fallnich
Laser Zentrum Hannover e.V., Laserentwicklung, Hollerithallee 8, 30419 Hannover, Germany
Received 5 April 2005; received in revised form 24 August 2005; accepted 5 October 2005

Abstract
The Colquiriite crystals are attractive materials for directly diode-pumped femtosecond oscillators and ampliﬁers. Cr:LiSAF, Cr:LiSGAF and Cr:LiCAF are for the ﬁrst time directly compared for their use in regenerative ampliﬁers both experimentally and theoretically.
A maximum pulse energy of 10 lJ was obtained at an absorbed pump power of 1.1 W. A review of the work is given including a
Cr:LiSAF seed oscillator, outlining speciﬁc needs for seeding.
 2005 Elsevier B.V. All rights reserved.
PACS: 42.60.Da; 42.65.Re; 42.55.Wd
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1. Introduction
The application of femtosecond pulses is being established outside laboratory environments, e.g., in materials
processing or ophthalmology. For these areas of application, compact, eﬃcient, and therefore directly diode-pumped
systems oﬀering pulse energies of several microjoules and a
pulse duration of 150–200 fs are needed [1], as they are not
available today.
The Cr3+-doped Colquiriite crystals show very suitable
properties for these aims. The crystals absorb pump light
at wavelengths in the range from 600 to 700 nm, that is
covered by the emission range of high-power laser diodes,
and the broadband laser emission is in the near infrared
spectral region centered between 780 and 850 nm. The gain
bandwidth of approximately 200 nm suﬃces for generating
sub-100 fs pulses.
The ﬁrst directly diode-pumped Colquiriite regenerative
ampliﬁer was demonstrated by Melish et al. [2] and was
based on Cr:LiSAF. In the same group, an ampliﬁer based
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on Cr:LiSGAF was realized, but with diﬀerent laser diodes
as pump source [3]. The ﬁrst regenerative ampliﬁer based
on Cr:LiCAF was demonstrated by Isemann et al. [4].
The experimental setup of the work done so far by the
diﬀerent authors always diﬀered somewhat, making it diﬃcult to directly compare the properties of the Colquiriites
for their use in a regenerative ampliﬁer. Therefore, in this
paper a systematic comparison under equal conditions is
presented. With equal conditions the identical pumping
arrangement and mode diameters, crystal size and absorption length is meant. In addition, a comprehensive theoretical modelling for an estimate of power scaling capabilities
was carried out and is presented.
Eﬃcient heat removal proves to be a critical issue. Thermal quenching, i.e., the temperature-dependent eﬃciency
reduction, which was previously observed by Balembois
et al. [5], has to be avoided. Thermal quenching occurs,
e.g., with Cr:LiSAF starting at a temperature of 69 C
[6]. To reduce the temperature in the pumped volume, a
novel arrangement was used. In this arrangement, the ellipticity of the cavity mode due to a single Brewster angled
surface inside the resonator was matched to the pumpbeam-geometry of the broad-area pump diodes. Using
low-doped thin slab crystals the large surface to volume
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ratio of the pumped volume resulted in eﬃcient heat
removal and a reduced temperature and thus, thermal
quenching was avoided. The description of the cw-operation of lasers using the Colquiriite ampliﬁer geometry presented here was published earlier [7], where a cavity layout
for thermal management was introduced in more detail.
As described later on, a pulse energy of 10 lJ was generated from a broad-area diode-pumped regenerative Cr:LiSGAF ampliﬁer, which was limited only by the pump power
available from broad area laser diodes nowadays. The
further potential was estimated from the theoretical
modelling.
The paper is organized as follows: In the following section, the Cr:LiSAF oscillator and a frequency doubled
mode-locked Er-doped ﬁber laser are characterized as seed
sources. Then, the setup and operation of the Cr:LiSAF,
Cr:LiSGAF and Cr:LiCAF ampliﬁer is described, followed
by a theoretical modelling of the pulse energy and pulse
build-up time, ﬁtted to the experimental results. The power
scaling capabilities are estimated from the model. Finally,
the suitability of these three crystals for their use in a regenerative ampliﬁer is compared.
2. Seed sources
2.1. Cr:LiSAF oscillator
A tuneable Cr:LiSAF oscillator was used for seeding of
the Cr:LiSAF as well as the Cr:LiSGAF ampliﬁer, since the
wavelength of maximum gain is only 10 nm apart. The
setup of the oscillator consisted of a standard X-type resonator, as displayed in Fig. 1. One arm contained a pair of
fused-silica Brewster prisms spaced at 350 mm for dispersion compensation, the other arm contained a SESAM
(semiconductor saturable absorber mirror) for mode-locking. The Cr:LiSAF crystal was positioned between two
focusing mirrors with a radius of curvature of R =
100 mm. The folding angle of the arms was chosen to
8 for astigmatic compensation. The total resonator length
was 1.49 m.
The mode-locking was started and stabilized by the
SESAM, where the necessary ﬂuence of the pulse on the
SESAM (0.2–2 mJ/cm2) was obtained by a focusing mirror
with a radius of curvature of R = 100 mm. A ﬁne adjustment of the ﬂuence was done by moving the SESAM along
the optical axis and thus changing the radius of the cavity
mode. The output coupler was located behind the prism

sequence, and an exterior prism sequence was used to
recompress the spatial chirp of the beam. The crystal was
pumped longitudinally by laser diodes through the folding
focusing mirrors, which where coated highly transmissive
(>94%) for the pump wavelength of 670 nm and highly
reﬂective (>99.97%) for the laser wavelength. To compensate for the astigmatism introduced by traversing the folding mirror at an angle, a lens of the same radius of
curvature was placed in front of the mirror. Collimation
and focusing of the pump beam was done by two lenses
of 90 mm focal length. The laser diodes were fast axis collimated with an emitter size of 1 lm · 50 lm and an output
power of 350 mW each. The Cr:LiSAF crystal was doped
at 1.5 at.%, with Brewster cut ends, a diameter of 4 mm
and a length of 6 mm. The crystal was placed in a copper
mount, which was thermo-electrically cooled to 16 C. A
knife edge was inserted between the last prism and the output coupler for tuning the emission wavelength of the
oscillator.
2.1.1. Experimental results
The optimum output coupling (OC) was determined
experimentally in the range of 1.5–2.7%. In Fig. 2, a characteristic curve is given for mode-locked operation and for
cw-operation replacing the SESAM by a highly reﬂecting
mirror. At higher intracavity losses, a slightly higher output coupling resulted in maximum output power. Because
the SESAM has non-saturable losses, a slightly higher output coupling was used to give highest output power. In cwoperation at 2.2% of output coupling, 102 mW of output
power were generated at 580 mW of absorbed pump power

120
2.2 % OC without SESAM

100

Power [mW]

212

2.7 % OC

with SESAM

80
slope eff.: 20.4%

60
40

slope eff.: 18.6%
20

hysteresis

0
0

100

200
300
400
Absorbed Pump Power [mW]

500

600

Fig. 2. Slope eﬃciency of the oscillator in cw-operation and mode-locked
operation, details see text.

Fig. 1. Setup of the Cr:LiSAF oscillator. For details see text.
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Fig. 3. Interferometric autocorrelation and spectrum of the Cr:LiSAF
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with a slope eﬃciency of 20.4%; in mode-locked operation
at an output coupling of 2.7% the output power was
88 mW at a slope eﬃciency of 17.6%. The beam quality
was measured to M2 < 1.07 in the tangential direction, and
M2 < 1.05 in the sagittal direction. The transition to
mode-locked operation was observable by a sudden
increase in intensity due to the lower losses of the now saturated saturable loss and showed a hysteresis for increasing
or decreasing the pump power [8].
An interferometric autocorrelation and the corresponding spectrum are depicted in Fig. 3. Since the spectrum
showed a sech2-shape, the pulse form in time is also sech2shape, related by a Fourier-transform, and the assumption
of a sech2-shape pulse is thus well justiﬁed. The FWHM
(full width at half maximum) spectral width was 14.6 nm
and the pulse duration 56 fs after deconvolution. Thus,
nearly transform-limited pulses with a time–bandwidthproduct of 0.33 were observed.
The pulse width was limited by the reﬂective bandwidth
of the SESAM and the associated higher order dispersion
arising at the edges of the highly reﬂecting wavelength
regions. At wider spectra, higher order dispersion at the
extreme spectral positions resulted in the generation of dispersive waves, which ultimately destabilized the soliton
pulse. An example of the extra spectral peaks appearing
due to the presence of dispersive waves is given in Fig. 4.
The limitation in minimal pulse width may also be seen
from Fig. 5, where the measured pulse duration and bandwidth are displayed for an increasing amount of glass, and
thus, decreasing negative group delay dispersion (GDD).
According to theory, shortest pulses are obtained at a minimum of negative intracavity GDD [9].
While the spectral bandwidth increases with decreasing
GDD, the pulse width reaches a steady value from a certain
displacement value of the glass insertion. The non-decrease
in pulse width at increasing bandwidth was attributed to
the non-compensated higher orders of dispersion, which
not yet destabilized the soliton to collapse into cw-operation, but resulted in dispersive waves.
For seeding an ampliﬁer, clean femtosecond pulses as
displayed in Fig. 3 without a background of dispersive
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Fig. 5. Reduction of the pulse duration and increase of the bandwidth by
increasing the amount of prism-glass and thus reducing the GDD.

waves are preferred, since the dispersive wave constitutes
a background of longer pulses [10], which would also get
ampliﬁed and would take away gain for the femtosecond
pulse.
2.2. Frequency doubled Er-doped ﬁber Laser
To seed the Cr:LiCAF ampliﬁer, a seed source emitting
pulses in the wavelength range around 780 nm is necessary.
In this wavelength range another seed source besides a
Cr:LiCAF or Ti:sapphire oscillator exists – a frequency
doubled mode-locked Er-doped ﬁber laser. This laser constitutes a much more compact, reliable and maintenancefree seed source compared to a Ti:sapphire oscillator.
The setup of the ﬁber laser (see Fig. 6) was already
described in an earlier publication [11], and is summarized
here again for completeness.
An Er-doped normal-dispersion active ﬁber was closed
to a ring cavity using an anomalous-dispersion SMF1528
and Flexcor 1060 ﬁber for dispersion compensation. Polarization controllers for alignment of the cavity internal state
of polarization and an isolator were used as well for unidirectional operation as for separation of the output. A telecommunication laser diode with an emission wavelength of
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980 nm was used to pump the Er-doped ﬁber via a wavelength division multiplexing coupler.
At 150 mW of pump power 23 mW of fundamental
average output power at 1550 nm at a repetition rate of
57 MHz were generated. The autocorrelation pulse width
of the chirped output pulses was measured to be 100 fs with
a multi-peaked spectrum reaching from 1500 to 1610 nm as
shown in Fig. 7.
For frequency conversion of the 1550 nm radiation to
the near infrared, we used chirped periodically poled lithium niobate (CPPLN) crystals [12]. By linearly increasing
the width of the poled domains (chirp) a longer crystal
can be used and a wider spectral range can be frequency
converted compared to a non-chirped crystal. Simultaneously, a phase modulation was imposed onto the frequency doubled pulse. Starting with an almost unchirped
fundamental pulse, the frequency doubled pulse was
stretched. Injection of this pre-stretched pulse into the
ampliﬁer together with additional material dispersion
inside the ampliﬁer eliminated the need for a conventional
pulse stretcher to reduce the peak pulse intensity before
injection in comparison to conventional pulse ampliﬁcation
schemes [13]. Consequently, this allowed a more compact
setup with no reduction of seed energy due to losses from
gratings.
The used CPPLN was 10 mm in length and the domain
period varied linearly from 17.9 to 19.9 lm. At a fundamental input power of 23 mW and focusing the input beam
with a lens of 35 mm focal length into the CPPLN, 2 mW
of second-harmonic output power were obtained. A spec-
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Fig. 7. Interferometric and intensity autocorrelation (inset) and spectrum
of the fundamental pulse of the ﬁber laser.
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Fig. 8. Intensity autocorrelation and spectrum of the frequency doubled
pulse of the ﬁber laser.

trum and autocorrelation of the frequency doubled radiation is depicted in Fig. 8.
The autocorrelation of the second-harmonic pulse
implied a chirped pulse length of 600 fs (sech2). The spectral width was ﬁtted to 10.7 nm with a sech2-shape.
3. Regenerative ampliﬁers
3.1. Experimental setup
The setup of the Colquiriite ampliﬁers consisted of a
V-shaped resonator utilizing at one end a ﬂat-Brewster
cut crystal of dimensions 4 mm · 1 mm · 5 mm (W · H ·
L). The doping of the crystals was chosen such that the
absorption length was the same within 10%. The ﬂat side
of the crystal was coated highly reﬂective for the lasing
wavelength and highly transmissive for the pump wavelength. As shown in Fig. 9, for each side the beams of
two broad area pump laser diodes (emitter: 1 lm · 100 lm,
fast axis collimation) were polarization-coupled and
focused into the crystal providing up to four times
500 mW of pump power at 670 nm.
The ellipticity of the cavity mode due to a single Brewster surface together with only spherical focal elements
inside the resonator was optimized by the ABCD-matrix
formalism [14] to match the measured elliptical pump beam
proﬁle. The ﬁrst demonstration of this concept was
reported in [15]. The concept of an elliptical cavity mode
but with the use of cylindrical elements to match an elliptical pump beam was ﬁrst introduced by Kopf et al. [16]
when pumping a Cr:LiSAF laser with a laser diode array.
The high reﬂectivity resonator mirrors used in this setup
exhibited a reﬂectivity of >99.97%.
For trapping a seed pulse in the ampliﬁer cavity and
coupling out the ampliﬁed pulse, a Pockels cell and thin
ﬁlm polarizer (TFP) combination was employed. For the
Cr:LiSAF and Cr:LiSGAF ampliﬁer, a Medox Pockels cell
driver was used; for the Cr:LiCAF a diﬀerential driver consisting of two FET (ﬁeld-eﬀect transistor) high voltage
switches was used to drive the Pockels cell (KD*P). This
scheme allowed fast rising and falling edges of the high

A. Isemann et al. / Optics Communications 260 (2006) 211–222

215

Fig. 9. Setup of the ampliﬁers, details see text (PD, photo diode; HR, high reﬂector; PBS, polarizing beam splitter; PC, Pockels cell).

optimized in Q-switched operation for minimum pulse
build-up time.
The pulse width was measured with a single shot autocorrelator using a BBO crystal for second-harmonic generation and a CCD-array for spatially resolved detection of
the frequency doubled radiation.
3.2. Experimental results
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3.2.1. Cr:LiSAF
In the Cr:LiSAF ampliﬁer, a 1.5 at.% Cr3+-doped crystal was used. The scattering loss was determined in an earlier experiment to less than 0.14% [7]. All experiments were
carried out at a repetition rate of 1 kHz unless otherwise
noted.
After optimizing the ampliﬁer in Q-switched operation,
the seed beam of the Cr:LiSAF oscillator was directed into
the ampliﬁer and adjusted for shortest pulse build-up time
and complete seeding, i.e., no Q-switched signal noted
underneath the circulating pulse from the photo diode signal. About 80 pJ of pulse energy were used to seed the
ampliﬁer. A comparison of the Q-switched and the seeded
operation is given in Fig. 10, where the trace of a leakage of
the pulse through the resonator mirror measured with a

Intensity [arb. units]

voltage as well as a long holding time of more than 5 ls,
which was needed in case of the Cr:LiCAF ampliﬁer. Both
drivers showed switching times of approximately 4 ns, sufﬁciently below the cavity round trip time of 5.4 ns. A more
detailed description of the switching scheme can be found
in [11,17]. The mode matching of the oscillators to the
ampliﬁer was done by two closely spaced lenses of appropriate focii (f = 2000 mm) for ﬁne tuning the matching.
The incoming beam was separated from the exiting beam
by an optical diode consisting of a Faraday rotator, halfwave plate and polarizing beam splitter.
A leaking beam from a high reﬂectivity mirror focused
onto a fast photodiode (rise time <200 ps) was used to
observe the pulse build-up inside the resonator. Another
leaking beam was directed through a multi-mode ﬁber into
an optical spectrum analyzer (ANDO) to measure the spectral bandwidth.
For the Cr:LiSAF and Cr:LiSGAF ampliﬁer, a commercial grating stretcher and compressor (Spectra Physics)
employing a grating constant of 1500 grooves/mm was
used for chirped pulse ampliﬁcation. In the Cr:LiCAF
ampliﬁer presented here, due to the large number of
round trips (370) inside the ampliﬁer, enough phase
modulation due to material dispersion was accumulated
to suﬃciently stretch the seed pulses such that no critical
peak power occurred. Pulse compression was done by
gold coated reﬂection gratings (1200 grooves/mm) in double pass conﬁguration. The details of this setup are
described in [11].
The laser was ﬁrst aligned in cw-operation. After adjusting the cw-cavity, the output coupler was replaced by a
high-reﬂectivity mirror. The Pockels cell (KD*P) and the
thin ﬁlm polarizer were installed and adjusted for maximum leaking cw-power from the high-reﬂectivity end mirror with a power meter. After optimizing the cw-operation,
the Pockels cell was oriented to yield static quarter-wave
retardation while applying a quarter-wave voltage to allow
for the trapping of a seed pulse or the build-up of a
Q-switched pulse. Before seeding, the ampliﬁer was
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Fig. 10. Comparison of the circulating seeded pulse to Q-switched operation with an enlarged view of the seeded pulse in the inset.

A. Isemann et al. / Optics Communications 260 (2006) 211–222

photo diode is depicted. The longer pulse build-up time of
the Q-switched pulse is due to the build-up from noise,
compared to the build-up from the photons of the seed
pulse. No sign of a Q-switched background is visible, as
can be seen from the enlargement in the inset of Fig. 10.
The spacing of the peaks of 5.4 ns ﬁtted the round trip time
of the resonator. The slight change in amplitude was due to
the photodiode and the sampling rate of the digital oscilloscope (aliasing eﬀect). When coupling the ampliﬁed pulse
out of the cavity, a contrast ratio of 1:200 for pre- to
main-pulse was achieved.
Fig. 11 shows the output energy versus absorbed pump
power for Q-switched as well as seeded operation. The
pulse build-up time is given for the seeded operation only,
for the clarity of the graph. The pulse energy from
Q-switched operation was recorded directly behind the thin
ﬁlm polarizer, whereas for seeded operation the energy was
measured behind the optical diode. This may be one reason
for reduced energy by an amount of 0.5 lJ due to additional losses from the optical diode. The diﬀerent slope eﬃciencies might be attributed to the broader spectral width
of the pulse in seeded operation versus Q-switched operation causing slightly higher losses per round trip in some
components, e.g., in the Pockels cell or the thin ﬁlm polarizer, which accumulated over 185 round trips to a measurable amount. The measured pulse energy of 9 lJ is the
highest recorded to date from pumping with broad area
diodes.
The spectrum of the seed pulse, which was tuned to the
peak of the spectral ampliﬁcation as well as of the ampliﬁed
pulse are given in Fig. 12. A narrowing of the spectral
width of the ampliﬁed pulse was observed.
The reduction of the spectral bandwidth from 15 nm of
the seed pulse to 7 nm of the ampliﬁed pulse was due to the
well known gain narrowing. Diﬀerent spectral components
experience a diﬀerent gain, and since the wings of the spectrum are less ampliﬁed compared to the peak of the spectrum in this wavelength range, the resultant spectrum has
undergone a narrowing.

9

1.5

8

1.4

7

1.3

6

1.2

5

1.1

4

1.0

3
700

Build-up Time [µs]

Pulse Energy [µJ]

1.6

0.9

800

900

1000

1100

Absorbed Pump Power [mW]
Fig. 11. Pulse build-up time and pulse energy versus absorbed pump
power for Q-switched (open markers) and seeded operation (ﬁlled
markers). For seeded operation, also the pulse build-up time is displayed.

1.0
Seed pulse
0.8

norm. Intensity

216

Amplified
pulse

0.6
0.4
0.2
0.0
830

840

850

860

870

Wavelength [nm]
Fig. 12. Spectrum of the seed pulse and the ampliﬁed pulse with sech2-ﬁt
for the Cr:LiSAF regenerative ampliﬁer.

The extend of gain narrowing can be calculated with the
following simple formula given by Rouyer [18]:
Dk0
Dk ¼ rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

 ;
1 þ lnðGÞ

Dk0
DkFluo

2

ð1Þ

where Dk0, Dk and DkFluo denote the spectral width of the
incident pulse, of the ampliﬁed pulse and the spectral width
of the amplifying medium, whereas G is the gain.
The gain narrowing of the ampliﬁer was calculated
recursively from this formula, adjusting the initial small
signal gain of 1.127 and initial spectral bandwidth as given
before for each round trip. The small signal gain for the
diﬀerent round trips was calculated from the theoretical
modelling described in Section 3.3. The spectral width of
the amplifying medium was taken as 196 nm. The result
of this calculation of the gain narrowing was in excellent
agreement within 5% of the experimental result.
The pulse duration of the ampliﬁed pulse was measured
by a single shot autocorrelation. Having a maximum pulse
ﬂuence of 0.09 J/cm2, the ampliﬁer was operated far below
the saturation ﬂuence of 4.8 J/cm2 [19], thus, a linear
ampliﬁcation of the pulses was given. The B-Integral [14]
was calculated to B < 0.04, thus, a nonlinear phase distortion could be excluded. The ampliﬁed pulses could be compressed to 173 fs. The bandwidth was 7.15 nm from a sech2
ﬁt. The resulting time–bandwidth-product of 0.51 implied
non-transform-limited pulses. Using all the available bandwidth, pulses of 107 fs should have been possible. The
cause of the non-perfect compression was non-compensated third order dispersion. During approximately 200
round trips, in combination with the compression gratings,
a TOD of the order of 2 · 106 fs3 was accumulated. Imposing a TOD of this order on a transform-limited pulse of
107 fs duration results in a pulse duration of approximately
170 fs, as was calculated numerically. Thus, the non-transform-limited compression of the pulses could be traced to
the grating stretcher and compressor used, in which the
gratings of equal grating constants could not compensate
the additional TOD imposed onto the pulse by material
dispersion.
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Many applications beneﬁt from an increased repetition
rate. Several commercial ampliﬁers oﬀer a repetition rate
of 1–5 kHz. The Medox Pockels cell driver was speciﬁed
up to 20 kHz. When a regenerative ampliﬁer is pumped
continuously, the full pulse energy may be extracted up
to a repetition rate equal the inverse of the upper state lifetime. At higher repetition rates, the energy storage level is
not fully repumped, and thus the maximum obtainable
pulse energy decreases at a given amount of pump power.
For Cr:LiSAF, the upper state lifetime is 67 ls [19], from
which a decreased pulse energy is expected above a repetition rate of 15 kHz. This behavior was experimentally
observed by Mellish et al. [20]. From the measurements
conducted in our experiment, a clear decrease was observed
already above 6 kHz, as is depicted in Fig. 13.
Fig. 13 shows the normalized pulse energy versus repetition rate for diﬀerent temperatures of the crystal mount.
The tilt of the Pockels cell was not adjusted for higher repetition rates, and above 17 kHz no extraction of the pulse
was possible. From these measurements, a thermal inﬂuence from the laser crystal could be excluded, since the
eﬀect did not depend on the temperature. Rather, this eﬀect
was due to a change in the high voltage at the Pockels cell
with increased repetition rate. This was examined external
to the resonator, where for repetition rates greater than
6 kHz an increasing deviation of the high voltage from
the quarter-wave high voltage was observed. Thus, using
a Pockels cell driver delivering high voltage independently
on the repetition rate, full pulse energy up to 15 kHz
should be obtainable.
3.2.2. Cr:LiSGAF
The setup of the Cr:LiSGAF ampliﬁer was the same as
described before except for the crystal, which was a 2 at.%
Cr3+-doped LiSGAF crystal. The scattering loss was again
determined in an earlier experiment to less than 0.14% [7].
Since the maximum spectral ampliﬁcation of Cr:LiSGAF is
shifted only 10 nm towards shorter wavelengths compared
to Cr:LiSAF, the same dielectric components were used.
The Cr:LiSAF oscillator was used as tunable seed source.
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All measurements were again performed at 1 kHz unless
otherwise noted.
A maximum pulse energy of 10.5 lJ was measured
directly behind the thin ﬁlm polarizer at an absorbed pump
power of 1130 mW. A curve of the pulse energy versus
absorbed pump power is displayed in Fig. 14, open markers, where the pulse build-up time is given again for the
seeded operation only, for the clarity of the graph. In the
next step, the seed beam was adjusted into the ampliﬁer.
The wavelength of the oscillator was tuned to 845 nm
and an average power of about 8 mW corresponding to
80 pJ was injected into the ampliﬁer.
The pulse energy and build-up time versus absorbed
pump power are given in Fig. 14, closed markers. The
energy was measured behind the optical diode. The ampliﬁer showed the same general behavior as the Cr:LiSAF
ampliﬁer. The measured pulse energy in the seeded case
was somewhat lower compared to the Q-switched operation. This was attributed to the additional losses of the
optical diode, while the slight diﬀerence in slope eﬃciency
was attributed to the same reason (larger loss at broader
operation bandwidths) as for the Cr:LiSAF ampliﬁer.
As in the case of Cr:LiSAF gain narrowing was
observed. The bandwidth of 11.5 nm of the injected pulse
was reduced to 6.9 nm of the ampliﬁed pulse as displayed
in Fig. 15. The calculated reduction of the bandwidth
according to formula (1), using as initial small signal gain
a value of 1.111 from the theoretical modelling, reproduced
the measured values within 10% in very good agreement.
Again, a bandwidth of the amplifying medium of 196 nm
was taken for the calculation. The pulse duration was measured with a single shot autocorrelation as 170 fs. The
resulting time–bandwidth-product was 0.5. The limitation
of the pulse duration to non-transform-limited compression was attributed to non-compensated third order dispersion, which was caused by using gratings of the same
grating constants in the stretcher and compressor, as previously in the Cr:LiSAF ampliﬁer.
The maximum ﬂuence of the ampliﬁed pulse inside the
ampliﬁer crystal was approximately 0.09 J/cm2, which
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curve for the Cr:LiSGAF regenerative ampliﬁer.

was well below the saturation ﬂuence of 7.2 J/cm2 of
Cr:LiSGAF [19], thus, no inﬂuence onto the chirped pulse
ampliﬁcation from saturation was inferred. The B-Integral
was calculated to B 6 0.04, which corresponded to the
value for the Cr:LiSGAF ampliﬁer and also gave no indication for nonlinear eﬀects.
As in the case of the Cr:LiSAF ampliﬁer, also the
Cr:LiSGAF ampliﬁer could not be operated at full pulse
energy above a repetition rate of 6 kHz, which is depicted
in Fig. 16. This was due to the shortcoming of the Pockels
cell driver used as already described in the previous section.
For Cr:LiSGAF, the repetition rate up to which the upper
lasing level is pumped to saturation is approximately
12.5 kHz. The diﬀerence in the slope of the pulse buildup time occurring at approximately 12.5 kHz visible in
Fig. 16, dashed lines, was attributed to not fully pumping
the energy storage level to saturation at higher repetition
rates, and thus a lower gain.
3.2.3. Cr:LiCAF
In the setup of the Cr:LiCAF ampliﬁer, a 3.5 at.% Cr3+doped crystal was used. Due to the shorter emission wavelength, the dielectric mirrors and the thin ﬁlm polarizer
were exchanged for components centered at 780 nm. The
scattering loss of the crystal was measured as <0.28% [7].
The ﬁrst operation of this type of ampliﬁer was reported
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from us in [4,11], and the main results are summarized
here.
A graph of the pulse energy and pulse build-up time
versus absorbed pump power is displayed in Fig. 17 for
Q-switched operation.
A maximum pulse energy of 8.2 lJ was obtained. A
spectrum of the seed pulse and the ampliﬁed pulse are
shown in Fig. 18 with a single shot autocorrelation in the
inset.
The pulse duration was measured as 252 fs with a time–
bandwidth-product of 0.6. The non-transform-limited
compression was again due to the non-compensated third
order dispersion, since the dispersion from material as well
as from the grating compressor exhibited the same sign and
thus, was not compensated. Third order compensation mirrors, which would mitigate this eﬀect, were not available in
this experiment. The spectral width of the seed pulse was
reduced to 5.8 nm of the ampliﬁed pulse partly because
of spectral clipping on the short wavelength side from the
thin ﬁlm polarizer. Although the pulse was mainly
stretched by material dispersion during the round trips,
the calculated B-Integral of B < 0.7 was signiﬁcantly below
the critical value of 3–5 [14]. Thus, a nonlinear phase modulation could be excluded. This can also be seen from the
fact, that the spectral dip at approximately 783 nm of the
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seed spectrum was still present in the ampliﬁed spectrum.
Nonlinear processes, such as self-phase-modulation would
have ﬁlled the gap with additional spectral components.
The maximum ﬂuence of the pulse inside the crystal was
about 0.09 J/cm2, well below the saturation ﬂuence of
18.2 J/cm2 and thus, not inducing nonlinear eﬀects.
Since the used FET Pockels cell driver only allowed a
maximum repetition rate of 2 kHz, the repetition rate of
about 6 kHz due to the upper state lifetime of 170 ls [19]
up to which full pulse energy can be extracted could not
be experimentally explored.
3.3. Numerical modelling and comparison
A numerical modelling of the ampliﬁcation was carried
out to compare the three Colquiriite crystals under identical conditions as well as their potential in power scaling in
regenerative ampliﬁers.
3.3.1. Description of the ampliﬁer equation
To describe the ampliﬁcation of a pulse with a ﬁnite
duration, the Frantz–Nodvik equation was used [21],
which is given in Eq. (2). This model neglects spontaneous
emission under the assumption, that the pulse duration and
the time of ﬂight through the amplifying medium are small
compared to the lifetime of the upper laser level. This
assumption is certainly fulﬁlled for the investigated amplifying medium
n
h J in
io
ð2Þ
J out ¼ J Sat ln 1 þ egg0 eJ Sat  1 .
In the equation, Jin denotes the incident pulse ﬂuence,
JSat = hc/kr the saturation ﬂuence of the amplifying medium (h: PlanckÕs constant, c: speed of light, k: lasing wavelength, r: emission cross-section), g0 = JSto/JSat the small
signal gain and JSto the stored energy (density).
The eﬀect of excited state absorption (ESA) reduces the
available small signal gain, because a part gESA of the photons in the upper laser level is absorbed by higher lying levels and is lost for the ampliﬁcation process. This was taken
into account by introducing a factor g = 1  gESA with
which the small signal gain was multiplied. The stored
energy (density) JSto was calculated from the stored pump
energy Eabs, the area A of the pump beam and the quantum
defect Q = kP/kL according to
J Sto ¼

Eabs kP
;
A kL

ð3Þ

where kP,L denotes the pump and lasing wavelength,
respectively.
Eq. (3) multiplied by the cavity mode area describes the
ampliﬁcation of a single pass. To calculate the ampliﬁcation of a regenerative ampliﬁer, this equation has to be
applied iteratively with the output energy of the nth pass
taken as the input energy of the (n + 1)th pass, reduced
by the passive losses. The stored energy of the upper laser
level has to be reduced by the energy extracted in the nth
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pass. A new small signal gain for the (n + 1)th pass is calculated accordingly.
The modelling of the ampliﬁer was conducted for Qswitched operation, for which the pulse build-up time
and pulse energy could be experimentally accessed easily.
To describe the beam proﬁle of the model, a rectangular
distribution for the pump beam as well as the cavity mode
was chosen. This beam proﬁle resembled on the one hand
the beam proﬁle of the pump diodes much better than a
Gaussian distribution, and on the other hand this accelerated the numerical calculation considerably. Therefore, fast
results were obtained, which described the experiment nevertheless well concerning the pulse build-up time and output energy. For the intended frame, the full development
of the model was therefore unnecessary. To ﬁt the experimental energies to the model, a factor of the order of unity
was introduced for the values from the model.
3.3.2. Comparison of the modelled and experimental results
The energy stored inside the crystal was calculated from
the absorbed pump energy multiplied by the upper state
lifetime. This corresponded to a saturation of the stored
1
, where
pump energy, valid up to a repetition rate RRep ¼ slife
slife denotes the upper state lifetime. To deﬁne the pulse ﬂuence, two Gaussian beam radii were used to calculate the
rectangular area of the distribution. As starting value for
the sum of passive losses, the experimental value of 2.5–
4% obtained from a Findlay–Clay plot [22] in cw-operation
was used. The ampliﬁcation was started from noise photons
of the energy 5 · 1019 J, which corresponds to two photons
of spontaneous emission. The pulse build-up time was not
sensitive to the exact number of noise photons in the range
of one to ten photons. The excited state absorption was
taken as 35% for Cr:LiSAF [23], as 27% for Cr:LiSGAF
[23], and as 26% for Cr:LiCAF [24]. All other crystal
parameters were taken as given in the previous sections.
The model was ﬁtted to the experimental data of the
Cr:LiSAF ampliﬁer using the above parameters as starting
values. The best ﬁt was obtained for a mode area of
49 lm · 68 lm and a passive loss of 2.66% per round trip.
The ﬁt of the axes of the rectangular pump mode corresponded to a ﬁt to the distribution of the pump diodes.
The used passive loss matched the measured experimental
value within 10%. Following, the number of round trips
were calculated for lower pump powers, where the asymmetric change of the beam proﬁle of the two axes was taken
into account.
The calculated data points (small markers) and the corresponding experimental data points (large markers) are
displayed in Fig. 19. Both curves ﬁt well. The ﬁt of the
mode radii obtained for the Cr:LiSAF ampliﬁer was also
used for both other ampliﬁers and was not changed. As
ﬁt parameter for experimental data of the other two crystals only the passive losses were used. The curve for Cr:LiSGAF was calculated with a loss of 4.06% per round trip
and is also depicted together with the experimental data
in Fig. 19. The excellent agreement shows that a suitable
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Fig. 19. Comparison of the experimentally obtained number of round
trips (large dark symbols) with the number obtained from the model
(small light gray symbols) in dependence on the absorbed (abs.) pump
power for the three ampliﬁers; dashed line: calculation assuming 40% ESA
instead of 26% for Cr:LiCAF. Details see text.

Fig. 20. Comparison of the experimentally obtained pulse energy (large
dark symbols) with the energy obtained from the model (small light gray
symbols) in dependence on the absorbed (abs.) pump power for the three
ampliﬁers; dashed line: calculation assuming 40% ESA instead of 26% for
Cr:LiCAF. Details see text.

theoretical description was found where for a diﬀerent
amplifying crystal simply the material speciﬁc input parameters had to be changed with the loss as the only variable
parameter.
Adjusting the model to the experimental data of the
Cr:LiCAF ampliﬁer at highest pump power, a relatively
high passive loss of 6.16% had to be used, which was not
justiﬁed by the experimentally obtained value in the range
of 3.5 ± 0.5%. Also, at reduced pump power the curve for
the experimental data did not ﬁt as well to the calculated
date points (closed symbols) compared to the other two
crystals, as can be seen in Fig. 19. This may be due to
the fact, that the value of the excited state absorption cited
in the literature is not valid for the doping level of the crystal used in this experiment, as discussed in [7].
In that publication, the regenerative ampliﬁer was operated as cw-laser, and a diﬀerential slope eﬃciency of 49%
was obtained. To reduce the slope eﬃciency from its theoretical limit of 89% [25], an excited state absorption of 40%
would have to be assumed. For a comparison, this value of
the excited state absorption was entered into the model, the
value of the passive loss was adjusted accordingly and a
theoretical curve for the pulse build-up time was calculated.
These data points are also displayed in Fig. 19 (open symbols). This curve ﬁt much better to the experimental data,
and also the used value of the passive loss of 3.96% was
in the range of the values used for the two other ampliﬁers.
In Fig. 20, the theoretical curves of the pulse energy versus absorbed pump power are depicted which ﬁt well to the
experimental data of the Cr:LiSAF and Cr:LiSGAF
ampliﬁer.
In case of the Cr:LiCAF ampliﬁer, a deviation of the
theoretical values from the experimental data was
observed, which already occurred for the pulse build-up
time. Again, a much better ﬁt was obtained when using
an excited state absorption of 40% in the model. The essential result from the measurements of the pulse energy versus absorbed pump power is that the pulse energy had

the greatest increase with increasing pump power for Cr:LiCAF, compared to the other two crystals. In fact, the absolute pulse energy was not higher at the available pump
power of broad area diodes, but the output pulse energy
can be expected much higher at pump powers available
from, e.g., diode bars, which makes this material preferably
for a power scaling.
3.3.3. Modelling under identical boundary conditions
Although Cr:LiSGAF exhibits a by 8% lower amount of
ESA compared to Cr:LiSAF, a signiﬁcantly higher output
energy could not be measured. The reason being the higher
passive losses. This becomes apparent when calculating
data from the model using identical boundary conditions
and same ﬁt parameters for all three crystals. Identical
boundary condition shall be understood in this case as
identical mode radii, pump power, passive losses as well
as equal number of start photons for the ampliﬁcation process. The result of these calculations assuming a passive
loss of 3% is depicted in Figs. 21 and 22. It becomes clear
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Fig. 21. Modelling of the number of round trips in dependence on the
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ampliﬁers; note: curves for Cr:LiSAF and Cr:LiSGAF lie on top of each
other; dashed line: calculation assuming 40% ESA for Cr:LiCAF.
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from Fig. 22, that under these conditions, Cr:LiSGAF
would have yielded a higher pulse energy compared to
Cr:LiSAF. Furthermore, Cr:LiCAF yields an absolute
higher pulse energy. At the same passive loss, the lower
gain due to the stimulated emission cross-section was more
than compensated for by the smaller quantum defect and
the larger amount of stored energy due to the longer upper
state lifetime. This remained valid even assuming an ESA
of 40%.
The necessary number of round trips nevertheless stayed
larger compared to the other two crystals due to the smaller
gain, which becomes apparent from Fig. 21. In case of the
Cr:LiSAF and Cr:LiSGAF, the eﬀects from a diﬀerent saturation ﬂuence, diﬀerent emission cross-section and losses
due to ESA merely compensated each other. This resulted
in an almost equal number of round trips necessary for the
calculated maximum ampliﬁed pulse energy.
3.3.4. Modelling of power scaling
Furthermore, the model was used to simulate a power
scaling with the V-resonator ampliﬁer design. This was
done under the assumption that the same brightness would
be available at 670 nm like with diodes emitting at 808 nm.
With these, an output power of approximately 1.6 W from
an emitting aperture of 1 lm · 100 lm is obtained. Using a
total of four diodes, about 4 W of absorbed pump power
would be available. The calculations were done using all
parameters from the ﬁt to the experimental data for the
three diﬀerent crystals, since the power scaling was
intended to be as close to experimental conditions as possible. Results from [7] indicate, that thermal quenching does
not yet occur at these pump powers using the cavity design
described here.
In Figs. 23 and 24, the number of round trips and the
maximum energy are displayed, respectively, for an
absorbed pump power between two and four Watts. For
Cr:LiSAF, a maximum pulse energy of 50 lJ was reached,
for Cr:LiSGAF 70 lJ and for Cr:LiCAF 140 lJ. To take
also into account that Cr:LiCAF could exhibit an ESA
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Fig. 23. Modelling of the number of round trips in dependence on the
absorbed (abs.) pump power for a power scaling of the three ampliﬁers;
dashed line: calculation assuming 40% ESA instead of 26% for Cr:LiCAF.
Details see text.
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Fig. 22. Modelling of the pulse energy in dependence on the absorbed
(abs.) pump power using identical conditions for the three ampliﬁers;
dashed line: calculation assuming 40% ESA instead of 26% for Cr:LiCAF.
Details see text.
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Fig. 24. Modelling of the pulse energy in dependence on the absorbed
(abs.) pump power for a power scaling of the three ampliﬁers; dashed line:
calculation assuming 40% ESA instead of 26% for Cr:LiCAF. Details see
text.

of 40%, the calculation was also performed with this value,
which resulted in a pulse energy of 89 lJ. Again this shows
the better suitability of Cr:LiCAF for higher pump powers,
even when a possibly higher ESA is taken into account or
higher losses as ﬁtted from our experiment.
As can be seen from Fig. 23, the number of round trips
necessary was reduced to 70 for Cr:LiSAF or Cr:LiSGAF
when calculating with potentially four Watts of absorbed
pump power, compared to 185 from the experiment pumping with only 1.2 W of absorbed pump power. This would
reduce the accumulated dispersion of second and third
order, which would result in less non-compensated third
order dispersion by about 60% at recompression and consequently, in a shorter pulse duration of about 20% and
the associated smaller time–bandwidth-product.
Thus far, the power scaling was viewed under the aspect
of extracting the largest amount of pulse energy. For keeping the eﬃciency of the Colquiriite crystals, the temperature inside the pumped volume must be kept under the
critical temperature for thermal quenching. Considerations
have been given in a previous paper [7] with the estimation,
that Cr:LiSAF and Cr:LiSGAF can be pumped with up to
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3 W and Cr:LiCAF with up to 13 W of absorbed pump
power – a range covering the pump powers used in the
model for power scaling here.

tract Nos. 13N7212, 13N7087, and 13N7799. Also the help
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4. Conclusion
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