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Abstract. We have experimentally studied thermal effects in
highly pumpedTi:sapphire crystals in the140–340 K tem-
perature range. We demonstrate that a critical temperature
exists, which depends on pumping and probing conditions,
below which detrimental thermal effects completely disap-
pear. In particular, we show that in a typical high-intensity
Ti:sapphire amplifier, thermal lensing and wave-front distor-
tions can be suppressed keeping the crystal temperature lower
than∼ 230 K.

PACS: 42.60.Da; 42.60.Jf; 65.90.+i

There is a growing interest in the generation of high-peak
power ultrashort laser pulses for several applications both
developed and proposed, such as high-order harmonic and X-
ray generation [1–4]. These pulses are generated by laser sys-
tems based on the chirped pulse amplification (CPA) and are
usually composed of different amplification stages to achieve
the desired energy. In laser amplifiers the gain medium rods
are pumped by high average power lasers; as a consequence
the heat load is important and thermal effects in the rods are
not negligible [5–10]. The amplified pulses can then be af-
fected by thermal lensing, higher-order aberrations, and ther-
mally induced distortions. The thermal lensing is particularly
dangerous because it causes a reduction in the amplified mode
spot size, eventually resulting in optical damages. Even if it
can be compensated for, to some extent, by corrective optics
such as diverging lenses, aberrations and distortions in the
wave front are difficult to correct. To avoid all undesired ef-
fects it is thus necessary to control all detrimental thermally
induced phenomena.

The most common and widely used approach is to pre-
dict the thermal effects and to exploit or compensate for them,
when it is possible. Different numerical and analytical models
have been developed to calculate the temperature distribution
in the pumped rod [5, 9–15], the thermal lens and its aberra-
tions [5, 7–11, 14–19], and other thermal effects such as ther-
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mal stress or birefringence [10, 15]. These models show that
thermal lensing increases with the average pump intensity
and with the variation of the medium index of refraction (n)
with temperature (T) (∂n/∂T) and decreases with the thermal
conductivity of the medium, although it cannot be correctly
described by a simple induced lens. In high repetition rate
systems (∼ 1 kHz), a method to exploit thermal effects has
been recently demonstrated [20]. It uses the pump-induced
thermal lens to transform a classic multipass amplifier into
a real eingenmode cavity. In this system lensing effects are
properly controlled but distortions and higher-order aberra-
tions can be still present [7–11, 15–19]. This method can
be applied only in the high average pump intensity regime
(1–2 kW/cm2), typical of kHz systems, where thermal lens-
ing is particularly strong [20].

A different approach is to find the conditions that per-
mit limiting or even suppressing thermal effects. In the case
of YAG crystals, Brown [19] proposed cooling the rods
down to77 K. Shulz and Henion [7] proposed the same for
Ti:sapphire. Actually the thermal conductivity of the sap-
phire crystal dramatically increases upon decreasing the tem-
perature [21] and its (∂n/∂T) decreases upon decreasing the
temperature [22]. The cryogenic solution presents several ad-
vantages. First of all, by this method it could be possible
to suppress not only thermal lensing but also higher-order
aberrations and distortions. It allows the avoidance of the in-
troduction of corrective optics which can add aberrations on
the amplified beams. Moreover, it can be applied to any am-
plifier laser chain, independently of its repetition rate. Finally,
the cooling solution enables simplification of the amplifier
design and makes its alignment easier and independent of the
pump power. It has been shown [7] that cooling theTi:Al2O3
crystal of a single-transverse-mode laser down to93 K im-
proved the output power by more than two orders of mag-
nitude with respect to the room temperature condition. Very
recently a0.2-TW laser system at1 kHz has also been de-
veloped in which thermal lensing has also been eliminated by
cooling theTi:sapphire crystal down to125 K [23, 24].

In this work we report on an experimental study of ther-
mal effects inTi:sapphire crystals in the140–340 K tempera-
ture range. Our final aim is to verify the possibility of com-
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pletely cancelling detrimental thermal phenomena in high-
intensity laser amplifiers. We pumped aTi:sapphire crystal
and probed the thermal pumping effects with aHe-Ne laser
beam. We varied the rod temperature and we measured spa-
tial and phase profile under various pump, probe, and cooling
conditions. We considered the steady-state equilibrium situ-
ation, neglecting transient phenomena which are not relevant
to our present purpose. We first show that the thermal lens can
be completely suppressed keeping the rod temperature lower
than a critical value, which depends not only on the pump
average intensity, but also on the pump and probe geometry.
We then considered wave-front distortions due to thermal ef-
fects and we show that they disappear for rod temperatures
lower than∼ 270 K. Finally, we experimentally compared
a1-kHz multipass amplifier water cooled with the same cryo-
genically cooled. We found that better performances could be
achieved in the second case.

We performed the experiments using a 15×15-mm-large,
1-cm-longTi:sapphire crystal, mounted in a copper heat sink
in thermal contact with a commercial cryogenic cooler, and
placed in a vacuum chamber. The temperature could be con-
tinuously varied from 140 to340 K. In a first set of meas-
urements we pumped the crystal with two collinear counter-
propagating top-hat beams generated by a duplicated100-Hz
Q-switchedNd:YAG laser, with a total average intensity up to
220 W/cm2, on a1.3-mmspot size (for a2.2-J/cm2 fluence).
This is the pumping condition of the first amplifier stage of
a CPA system. We used, as a probe, a cwHe-Ne laser beam
passing through the crystal. We kept the angle between the
pump and the probe as small as possible, as it is usual in mul-
tipass amplifiers for the pump and the amplifying beams. The
beam produced by theHe-Ne laser passed through a filter-
ing system and a telescope; we changed the lens and adjusted
the telescope to make theHe-Nebeam almost collimated with
the spot size inside the rod smaller or greater than the pump
beam one, namely,0.47, 0.88, 1.50, and1.83 timesthe pump
spot size. We then detected the beam at the output of the rod:
the intensity profile with a CCD-array camera and the wave
front and its distortions with a 2D Shack–Hartmann analyser,
placed at a distance of∼ 1 m from the crystal.

We first measured the beam spot size variations as a func-
tion of temperature at a pump intensity of220 W/cm2. In
Fig. 1 we show the result for probe beams smaller (diamonds)
and larger (circle) than the pump beam. We plot also, as
dashed lines, the spot sizes measured when the crystal was
not pumped. From the figure it is evident that at low tem-
peratures (around∼ 200 K) the He-Ne spot size measured
with and without the pump beam action are the same. This
is an indication that thermal lens effects are completely neg-
ligible. Increasing the rod temperature thermal lens becomes
effective, inducing a reduction of the probe spot size, from
a certain temperature forward, even if a thermal lensing ef-
fect which continuously increases with temperature was to be
expected [5, 7–11, 14–19]. Moreover it is important to note
that there are two critical temperatures at which a thermal
lens begins to affect the probe beam. These values depend
on the ratio between the probe spot size (wprobe) and the
pump one (wpump), R= wprobe/wpump. In particular, when-
everR< 1 the measured critical temperature is260 K, while
wheneverR> 1 this temperature is230 K, independently
from the particular probe spot size. The reason for the lower
critical value forR> 1 can be ascribed to an enhanced lens-

Fig. 1. DetectedHe-Ne spot size vs. temperature for different ratios between
the probe and pump spot sizes inside the crystal (R=wprobe/wpump, w be-
ing the spot size);empty diamondscorrespond toR= 0.47, filled diamonds
to R= 0.88, empty circleto R= 1.50 andfilled circle to R= 1.83. The
pump beam was top-hat at an average intensity of220 W/cm2. Thedashed
lines represent the spot size values of theHe-Ne beams detected when the
Ti:sapphire crystal was not pumped

ing effect due to the fact that the pump beam profile is not
top-hat all over the probe beam [9, 14, 18]. We came to the
same conclusions from the measure of the probe radius of
curvature. The value of the critical temperature also depends
on the pump average intensity. As a matter of fact, at a pump
average intensity of110 W/cm2 we measured a critical tem-
perature of280 K using a probe beam withR< 1, as shown
in Fig. 2.

We performed a second set of experiments in order to
measure the wave-front distortions due to thermal effects,
keeping the pump intensity constant at its maximum value.
We detected the wave-front variations for beams withR=
0.88 and R= 1.5. Figure 3 shows the peak-to-valley (PV)
and the root-mean-square (rms) values for the greater (filled
and empty circle, respectively) and for the smaller (filled and
empty diamonds) probe beam. At low temperatures (around
200–250 K) the probe mean distortions measured with and
without (dashed lines in Fig. 3) the pump beams are the same.
Thermally induced distortions in the pumped case begin to
appear at a temperatureT ≈ 290 K for a probe beam with
R< 1 andT ≈ 270 K for R> 1. It is very interesting to note
that wave-front distortions due to thermal effects do not af-
fect the beams passing through a pumped region when the
crystal temperature is kept low enough. Moreover, the experi-
mental data show that when aTi:sapphire rod is cooled down
to a temperature for which the thermal lens is ineffective, then
even the thermal distortions are completely suppressed.

In order to verify and to complete our previous results,
we made the possible thermal effects stronger by pumping
the crystal with an intensity of5.2 kW/cm2 using a cw ar-
gon laser beam focalised on a200-µm-large spot. Indeed the
Gaussian pump beam profile causes stronger thermal lensing
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Fig. 2. DetectedHe-Ne spot size vs. temperature for different average pump
intensity (I): circle for a pump intensity of220 W/cm2 and stars for
110 W/cm2. R was 0.47. The pump beam was top-hat with a1.3-mm spot
size. Thedashed linerepresents the spot size value of theHe-Ne beam
detected when theTi:sapphire crystal was not pumped

Fig. 3. Detected wave-front distortions of theHe-Ne beam vs. temperature,
PV (filled symbols) and rms (empty symbols) values, for the probe spot size
larger (circle) and smaller (diamonds) than the pump spot size (R= 1.5 and
R= 0.88, respectively). The pump beam was top-hat at an average intensity
of 220 W/cm2. The dashed linesrepresent the mean distortions of theHe-
Ne beams detected when theTi:sapphire crystal was not pumped

than the top-hat one [9, 14, 18]. We probed thermal phenom-
ena by means of aHe-Ne beam with a500-µm spot size and
a1-m radius of curvature at the rod. In this case the pump and
the probe are collinear, to ensure a better superposition of the
two beams, and the rod is pumped from only one end. The

CCD-array camera and Shack–Hartmann wave analyser are
placed2.4 m from the crystal.

Figure 4 shows theHe-Ne spot size measured by the
CCD-array camera for different temperatures, for the pumped
and nonpumped case. The experimental data show that for
values of the temperature lower than155 K the beam pro-
file is not affected by lensing effects. We had the same result
measuring the wave-front radius of curvature with the Shack-
Harman analyser. As a matter of fact, it comes out that even in
these strong conditions it is possible to completely cancel the
thermal lens.

We then considered the beam wave-front distortions as
a function of temperature. Figure 5 shows the measured PV
and rms values for the pumped and nonpumped case. We note
that for temperatures higher than∼ 275 K the beam greatly
suffers distortions. In contrast, at lower temperatures it is not
possible to identify distortions which could be ascribed to
thermal effects. We thus note again that aTi:sapphire crys-
tal cooled down to a temperature for which the thermal lens
effect is cancelled, does not introduce distortions in beams
which pass through it. Besides, bearing this and the previ-
ous results in mind, it appears that, in general, to suppress
thermally induced distortions it is only necessary to cool the
Ti:sapphire crystals to temperatures lower than∼ 270 K.

As a further result, we observed that at temperatures
higher than∼ 190 K some rings, due to thermal phenom-
ena [18], appear in the probe beam intensity profile. We could
no longer notice them at lower temperatures.

Finally, we tested the cooling solution directly on aTi:sap-
phire 1-kHz three-pass amplifier of a CPA system [25]. We
studied the thermal effects and compared the performances
of the standard configuration, with the laser crystal water
cooled, and that of the new solution, with the rod cryogenic
cooled, in terms of output energy, beam profile, and wave-

Fig. 4. Detected spot size vs. temperature of theHe-Ne beam for a cw Gaus-
sian pump beam. The pump intensity was5.2 kW/cm2 and its spot size on
the crystal was200-µm large; the probe spot size on the crystal was500-µm
large. Thedashed linerepresents the spot size value of theHe-Ne beam
detected when theTi:sapphire crystal was not pumped
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Fig. 5. Detected wave-front distortions of theHe-Ne beam vs temperature,
PV (stars) and rms (cross) values, for a cw Gaussian pump beam. The pump
intensity was5.2 kW/cm2 and its spot size on the crystal was200-µm large;
the probe spot size on the crystal was500-µm large. Thedashed linesrepre-
sent the mean distortions of theHe-Ne beam detected when theTi:sapphire
crystal was not pumped

front distortions. The crystal was pumped at a total average
intensity of 1.75 kW/cm2 (1.75-J/cm2 fluence), on a spot
size of750µm, by two counter-propagating beams of two Q-
switched duplicatedNd:YLF lasers. It was then traversed by
a pulsed beam at800 nmwhich was amplified at each pas-
sage. Its spot size in the crystal was nearly the same of that of
the pump beam. In the water-cooled case the rod temperature
was300 K, while with the cryogenic cooler it was200 K.

We first analysed the thermal lens induced by the pump
on the infrared beam after its first pass, using the Shack–
Hartmann detector. We measured a thermal lensing effect
almost three times lower at200 K with respect to the one at
300 K. It is worth mentioning the fact that in the water-cooled
condition we were obliged to insert two diverging lenses, in
the three-pass path of the infrared beam, to compensate for
the thermal lens. In the case of cryogenic cooling, there was
no need to insert any corrective optics.

The output energy was the same in the two cases
(∼ 10 mJ), but it is very important to note that in the case of
water cooling the output beam presented a ring pattern pro-
file which was completely absent using the cryogenic cooling.
In this second case we obtained a uniform beam profile with
a Strehl ratio of 0.99 [26].

Finally, we analysed the thermal wave-front distortions.
Actually we could not notice any significant difference be-
tween the two different conditions. We measured PV values

of the order ofλ/10 and rms values ofλ/60, which means
that higher-order thermal effects were negligible. This result
is consistent with the previous ones on distortions; in fact,
in the cryogenic-cooled condition the rod temperature was
lower than270 Kso we did not expect any thermally induced
distortions; in the water-cooled condition we expected only
small distortions being the rod temperature near, even than
higher, to270 K.

In conclusion, we have experimentally studied thermal
effects in highly pumpedTi:sapphire crystals in the tempera-
ture range140–340 K. We found that in any pumping and
probing situation a critical temperature exists below which
detrimental thermal effects completely disappear. In particu-
lar, we showed, for the first time to our knowledge, that in
typical high-intensityTi:sapphire amplifiers, thermal lensing
and wave-front distortions can be suppressed by keeping the
crystal temperature lower than∼ 230 K.
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