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ABSTRACT

The present 1invention relates to a method of
amplification based on spatio-temporal frequency drift
for a pulse laser comprising a so-called CPA (Chirped
Pulse Amplification) frequency-shift amplifying chain,
and 1t 1s characterized 1in that it <consists in
spatially spreading the various spectral components and

in separately amplifying these various components.
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METHOD FOR AMPLIFICATION BY SPATIO-TEMPORAL FRQUENCY
CONVERSION AND DEVICE FOR CARRYING OUT SAID METHOD

Technical Field of the Invention

. s —r—

The present invention pertains to a method of
amplification based on spatio-temporal frequency drift
for a pulse laser comprising a so-called CPA (Chirped
Pulse Amplification) frequency-drift amplifying chain.

Background of the Invention

iy ey el A,

r——elire— e el e .

The production of pulse lasers, of titanium-doped
sapphire type, with very large peak power, makes it
necessary to .control very wide spectra so as to
decrease the durations of the pulses at the output of
the amplifying chain.

In order to extract the largest part of the energy
stored in the amplifying media, the latter are often
used 1n a near—satufation regime. This saturation
unfortunately causes 1in the frequency-drift chains a
spectral shift which limits the total band.

A conventional solution for avoiding spectral
constriction is to use a pre-compensation, at the start
of the chain (before the regenerative or multi-pass
amplifier). This filtering-based solution has the
drawback of limiting the extraction efficiency of the
amplifiers and is all the less effective the larger thé
number of passes through the amplifiers.

In detail, CPA chains implement frequency-drift
technology which 1is based on the use of wide-spectrum

pulses, the stretching of pulses, the amplification and
re-compression of these stretched pulses. Typically, in
CPA chains Dbased on oscillators comprising Ti:Sa
crystals which have a spectrum with a width of 5 to 100
nm, for compressed pulse durations of 150 to 10 fs.

The ability of an amplification chain to maintain
a correct spectrum directly influences the ability of

the laser to work with short pulses. The spectral
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constriction induced by the amplifiers 1s therefore a

key factor for obtaining short-duration performance.

Likewise, a large deformation of the spectrum, for
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example asymmetric, disturbs the temporal form and

impairs the operation of the laser.

The amplifiers used are of the type with n passes

Jr—

of the beam through the amplifying medium. When n 1s

small (less than 10) the geometric multi-pass
configuration 1is generally used. The pump laser

dispatches a pulse into the crystal and the beam to be

amplified 1s thereafter dispatched and performs n

passes so as to optimize the extraction 1n terms of

]

enerqgy.
Figure 1 diagrammatically depicts a multi-pass
amplifier such as this, which essentially comprises a

crystal 1 (for example Ti:Sa) receiving, from an 1input

mirror ME, input pulses at an angle differing from the

normal to its incidence surface, and several reflecting

mirrors M1 to M7 disposed on either side of the crystal

1 so as to cause the beam to pass through the crystal

P

at wvarious angles of incidence, the 1last mirror M/

reflecting this beam to the output via an output mirror
MS .

When a large amplification factor is sought, 1t 1is
necessary to increase the number of passes and the
configuration of Figure 1 is no longer applicable. The
configuration generally used 1is then the regenerative
amplifier, an exemplary embodiment of which 1s shown
diagrammatically in Figure 2. This type of amplifier

makes it possible to readily achieve some thilrty or so

passes.

The system represented in Figure 2 comprises a
crystal 2 disposed, with a Pockels cell 3, 1n an
optical cavity closed by two mirrors 4, 5 and pumped by

a pump 6. A polarizer 7, disposed 1in the cavity, makes

it possible to tap off a part of the intra-cavity beam,

— -
-

the tapped-off beam passing through a half-wave plate

8, a reflecting mirror 9 and a Faraday rotator 10 at

the output of which a semi-transparent mirror 11

reflects 1t back towards the use (beam E.uw). Moreover,



10

15

20

23

30

39

CA 02657411 2009-01-09

the polarizer 7 makes it possible to inject an external

beam E;, 1nto this cavity.

F

In both cases (Fig. 1 and 2), the gain of the

amplifier may be written:

in

J £
E =Je.S.In =82 e¥aur 1141
JSAT

Jsto being the stored fluence available for the

gain in the medium (the crystal) and Jsar the saturation

| I

"luence of this medium. This is the classical equation
from the theory of Frantz and Nodvick.

The table below contains a few examples of values

of Jsay for various laser materials:

Materials Jear in J/ cm? Spectral range
Dyes ~0.001 J/cm? Visible
Excimers ~0.001 J/cm? Uv
Nd: YAG 0.5 J/cm’ 1064 nm
Ti:Al,0; 1.1 J/cm’ 800 nm
Nd:Glass 5 J/cm’ 1054 nm
Alexandrite 22 J/cm? 750 nm
Cr:LiSAF 5 J/cm® 830 nm

In the small-signal regime, with Ji;y << Jsar, the

gain relation can be approximated with:

J
(2
G —— -E—Q_QZ; _— e J.“T)
EIN

The amplified pulse being stretched (dispersed),
usually positively, a problem has been highlighted by

the Applicant. Specifically, chains Dbased on short

pulses use a wide-spectrum oscillator and these short

pulses are stretched temporally and are thereafter

amplified and re-compressed at the output. Such a chain
is schematically represented in Figure 3, this chain

essentially comprising an oscillator 12, a stretcher

13, one or more amplification stages 14 and a

compression device 15. An exemplary spectrum of a Ti:Sa

oscillator signal has been represented in Figure 4. 1In
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this Figure 4, the spectral phase has been represented

as a contilinuocus line.

When the pulse penetrates the amplifier, the

initial spectral components see a gailn gl and are

—be

amplified. The following components being 1n the

amplifier therefore see a gain g2 which has decreased

because the start of the pulse has "consumed" stored

ﬁ

energy. The temporal form of the gain has a form of the

type of that represented in Figure 5.

There is an 1initial gain for the first temporal
part of the form:
gl = Jsro

Jsar

and a final gain, which takes account of the

P

extracted energy, of the form:

gf = Jsrr - Jex

Jsar

Jex being the amplifier extracted fluence.

gr—

for the

-

The apparent gain 1is therefore higher

temporal start of the signal than for the end, thereby

inducing a spectral deformation of the amplified

signal, as represented in Figure 6. The curve of Figure

r—
fp—

6 shows the effect of modifying the gain of a laser

crystal due to the temporal stretching of the pulses to
the

weighted gain (relative gain, as for all the other gain

1)

be amplified. This curve gives the value O

F

curves) as a function of the wavelength of the

amplified signal.

r—

Figure 7 shows two curves of the shift of the gain

due to temporal stretching as a function of wavelength,

respectively for one pass and for four passes through

the crystal.

In addition to the spectrum shift, a constriction

due to the width of the gain band 1s also observed.

e

The combination of these two effects therefore

greatly limits the performance of the frequency-drift
chains, since it limits the re-compression of the

incident pulses with a view to obtalining at the output
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pulses of wvery short durations, for example of a

f

duration of a few fs.

To compensate for these effects, it i1s possible to

iy

undertake a pre-distortion of the input signal by

[~

5 active or passive filltering at the price of a decrease

-

in the efficiency of the 1laser (drop 1n gain).

Moreover, the filters used have low efficiencies (<50%)

because they act (cut off) spectrally at the enerqgy

maximum.

10 A second solution would consist 1n having the

amplifiers work far from saturation, but 1in thilis case

the energy that can be extracted from the amplifier 1is

greatly decreased. Moreover, the stability of the pulse

at output then depends greatly on the stability of the
15 1nput pulse.

yp—

Summary of the Invention

*

The subject of the present invention 1s a method

making 1t possible to optimize the operation of optical

P

amplifiers, 1n particular those of CPA laser chains,

20 practically without loss of energy and without altering

pr——

the spectrum of the pulses produced. The subject of the

present invention 1s also a device for 1mplementing
this method.

According to arn aspect of the present invention,

25 there is provided a method of amplification based on

spatio-temporal frequency drift for a pulse laser,

comprising a frequency-drift amplifying chailn,

including 1n order:

temporally stretching pulses of the pulse laser;

30 spatially spreading the various spectral

components of the pulses;

separately amplifying the various spectral

components;

spatially compressing the amplified pulses; and

35 temporally compressing the spatially compressed

pulses.
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According to another aspect of the present

inventlion, there 1s provided an amplification device

with spatio-temporal frequency drift for a pulse laser,

comprising a frequency-drift amplifying chailin, wherein

ﬁ

the amplification device comprises 1n order of a pass

ﬁ

of each pulse of the pulse laser:

{

a device for temporally stretching pulses of the

pulse laser;

a device for spatially spreading the pulses;

amplification stages for amplifying the spread

pulses;

a device for spatially compressing the amplified

pulses; and

a device for temporally compressing the spatially

compressed pulses.

1

According to a further aspect of the present

invention, there 1is provided a pulse laser, comprising

an amplification device with spatio-temporal freqguency

drift as described herein.

Brief Description of the Drawings

The present 1nvention will be better understood on

gr—
p—e—

reading the detailed description of an embodiment,

taken by way of nonlimiting example and 1llustrated by
the appended drawings, 1n which:
- Figure 1, already described above, 1s a

simplified diagram of a multi-pass amplifier stage of a

CPA chain,

- Figure 2, already described above, 1s a diagram

of a regenerative amplifier of the prior art,

-  Figure 3, already mentioned above, 1s a

simplified diagram of a conventional CPA chain,
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- Figure 4, already mentioned above, is a chart of

an exemplary curve of the evolution of the spectrum of

a Ti:Sa oscillator and of 1ts spectral phase,

- Figqure 5, already menticned above, 1is a

simplified diagram 1indicating the parts of a pulse

signal that are acted on by an amplifier of a CPA

chain,

- Figures 6 and 7, already mentioned above, are

various gain curves highlighting problems encountered

in conventional CPA chains,

- Figure 8 1s a diagram of a CPA chain in

accordance with an embodiment of the invention and

showing how the method of the invention 1s applied,

light pulse, device used by the invention, and

- Figure 10 is a diagram showlng an example of
pumping zones for a laser crystal used in accordance
with an embodiment of the invention.

Detajled Description of an Exemplary Embodiment

An aspect of the invention relates to using a device which

makes it possible to spatially spread the beam to be amplified..

This invention operates in any type of amplifier
(regenerative or multi-pass) and makes it possible to
compensate for spectral shift while benefiting from the
saturation operation of amplifiers.

In detail, the invention uses an optical system
which makes it possible to spatially spread the various
spectral components of the pulse that one wishes to
amplify so as to prevent these components from sharing
the same spatial zone of gain during amplification. The
immediate consequence is that the saturation effect
will be distributed over the whole of the spectral band
of the pulse instead of occurring only on the infrared
edge. Control of the spatial spreading of the wvarious
spectral components of the pulse makes it possible to
distribute the gain as a function of the form of the

pumped zone and of the temporal stretching.
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For a given configuration, it will therefore be

possible to obtain a uniform gain over the whole of the

spectral band and to circumvent the shift effects due

to saturation. Once the components have been amplified

to the desired value, 1t suffices to pass them through

an optical system for spatial compression making 1t

possible to superimpose the spectral components.

The device of the invention has been represented

F

in a simplified manner in Figure 8. The example of an

incident pulse 16 is taken. It 1is already stretched
temporally in a conventional manner, and passes firstly
through a spatial stretching device 17,- at the output
of which 1is obtained a pulse 18 which 1s both
temporally and spatially stretched. This pulse 18 1s
amplified by an amplification device 19 comprising one
or more optical amplifier stages. Thereafter 1t 1s
compressed spatially and then temporally by a device
20, at the output of which is obtained an amplified and
spatially and temporally compressed pulse Z21.

Two conditions must jointly hold in order for the

device of the invention to operate correctly. The first

is that the pulse must be spatially collimated (the

spectral components must be parallel) so as to avoid
the mixing of the gain zones as the pulse propagates

through the amplifiers. The second is that the spatial

spreading optical system used at 1input (at /) must

exhibit a law that 1is substantially inverse (taking

J—

account of any effects of spectral aberration 1n the

spatial domain, effects due to the amplification) to

that of the optical system used at output (at 10) 1n

the guise of compressor, as 1s the case for a stretcher
and a compressor in a conventional CPA system.

An exemplary embodiment of the spatial spreading
device 17 has been represented in Figure 9. This
example 1s a row of prisms, comprising 1in the present

C

example two prisms 22, 23 placed on the route of the

pulse that one wishes to amplify, but of course this

row can comprise more than two prisms. On output from
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gr—

this set of prisms, the pulse is spread spectrally and

1ts cross section 24 exhilbits, in the example

represented, an elliptical spatial geometry. This

spread  pulse 1s thereafter dispatched into an

amplifying crystal whose pumping zone (therefore gain

zone) 1is circular (it 1s also advantageous to tailor

the form of the gain zone to the form of the pulse that

one wishes to amplify). If the pumping is uniform, 1t

may be considered that the total gain GO 1is uniformly
distributed over the pumped surface, as represented 1n

Figure 10.

Since the pulse 1is temporally stretched, the first
spectral component entering the crystal is the smallest
wavelength and will be situated for example 1in the

.

right part of the gain zone (as seen in Figure 10). The

last spectral component to enter the amplifying crystal
will be the blue part which will see the left part of

the gain zone. As the wvarious components progress

through the «c¢rystal, each spectral component will

therefore have 1its own gailn =zone and the saturation

will arise in an equivalent manner for all the spectral
components. The spectrum of the pulse injected into the

amplifier will therefore be preserved.

It then suffices to return the pulse available at

the output of the amplifiers towards a spatial
compression device based on prisms so as to spatially
superimpose the various spectral components.

—

The advantages exhibited by the device of the

invention are the following. It makes 1t possible to
dispense with the spectral filtering generally used on
input to the amplifying chains so as to 1limit the

g
e

effects due to saturation. It 1s applicable to any type

[

of amplifier operating in a near-saturation regime, 1n

particular regenerative and multi-pass amplifiers. It

is applicable to amplifier stages comprising all sorts
of laser materials, for example titanium-doped

sapphire.
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Control of the spatial spreading of the spectrum
makes 1t possible not only to compensate for the

effects related to saturation, but also to shape the

spectrum by favoring for example certain spectral

> components. This control can be done either by the
spreading device or by adding an optical component such
as a liguid crystal matrix.

The form of the gain zone can be tailored to the
spatial form of the pulse to be amplified so as to

10 maximize the extraction.

Any type of- known optical device making 1t
possible to spatially spread the spectrum may be used.
It may be advantageous to use the same device at
amplifier input and output to compensate for the

15 spatial "chirp".

In conclusion, a characteristic of the invention
is the introduction of a spatial “chirp” on
the pulse that one wishes to amplify. The invention
makes 1t possible for amplifier systems to be operated
in the saturation regime without undergoing spectrum
deformation effects. It makes 1t possible to attain
shorter pulse durations while maintaining a wide
spectrum during the amplification phases, doing so
while maximizing the efficiency of the 1laser. It 1is
therefore a novel method of amplifying short pulses
which 1s based on spatial stretching combined with

temporal stretching.
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The embodiments of the i1nvention in which an exclusive

property or privilege 1s claimed are defined as follows:

1
i -

A method of amplification based on spatio-temporal

frequency drift for a pulse laser, comprising a frequency-

drift amplifying chain, including in order:

gr—

temporally stretching pulses of the pulse laser;

spatially spreading the various spectral components of

the pulses;

separately amplifying the various spectral components;

spatially compressing the amplified pulses; and

temporally compressing the spatially compressed

pulses.

2 .

spectral components are collimated spatially during their

The method as claimed in claim 1, whereln the various

spatial spreading.

3.

spatial spreading 1s controlled so as to shape the spectrum

P

O

4.

spatial spreading of the various spectral components of the

The method as claimed in claim 1 or 2, wherein the

the pulse comprising sailid spectral components.

The method as claimed 1n claim 1 or 2, wherein the

F
—

pulse is controlled so as to distribute the gain as a

y—
ol

function of the form of the pumped zone and of the temporal

stretching.

o

frequency drift for a pulse laser, comprising a

An amplification device with spatio-temporal

.

frequency-

drift amplifying chain, wherein the amplification device

comprises in order of a pass of each pulse of the pulse

laser:
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4

a device for temporally stretching pulses of the pulse

iLlaser;

a device for spatially spreading the pulses;

amplification stages for amplifying the spread pulses;

a device for spatially compressing the amplified
pulses; and
a device for temporally compressing the spatially

compressed pulses.

o. The device as clalmed 1n claim 5, wherein the device

for spatially spreading and the device for spatially

compressing the pulses each comprise at least two prisms.

7. The device as claimed in claim 5 or 6, wherein the

compression law of the spatial compression device 1S

substantially 1nverse to the spreading law of the spatial

spreading optical system.

3 . The device as claimed in any one of claims 5 to 7,

wherein the amplifying chain comprises 1n at least one

amplifier stage a Ti:Sa laser crystal.

it |

9. A pulse laser, comprising an amplification device

with spatio-temporal frequency drift as defined by any one

of claims 5’to 8 .
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