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Abstract. Alignment studies on tiled grating assembly (TGA), using pulsed spectrally broadband intra-beam,
are reported for tiled grating pulse disperser of a chirped pulse amplification based high energy laser system.
Spatial and spectrally resolved far-field profilometry coupled with spatio-spectral interferometry have been used
to obtain quantitative values of tip, tilt, in-plane rotation, and piston without ambiguity. Prior to application of
present diagnostic setup for coherent phase locking of TGA, point diffractometry has been used for coarse
alignment of TGA. Experiment has been carried out using a cw mode-locked femtosecond laser oscillator
delivering 200 fs duration laser pulses at 1056 nm. Experimental setup has also been used to estimate groove-

density mismatch of gratings for operation and maintenance situations requiring replacement of any grating.
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1. Introduction

Ultra-short pulse high energy laser systems are required to
study physical processes involved in laser-plasma inter-
action, generating secondary sources of radiation (e.g. THz
to gamma rays), charged and neutral particles for various
applications [1-6]. These laser systems are mostly based
on amplification of chirped pulses [1, 2] using either laser
amplifiers or non-storage optical parametric amplifiers
termed as chirped pulse amplification (CPA) or optical
parametric chirped pulse amplification (OPCPA) tech-
niques respectively. Energy or power scaling of any CPA/
OPCPA based laser systems is often limited [7—19] by the
size and desired specification of the pulse compression
gratings (e.g. damage threshold, diffracted wavefront
distortions, weight for handling requirement etc). To
avoid some of these limitations, two or more gratings are
phase locked [7] in such a way that a tiled grating
assembly (TGA) mimic a monolithic grating. Two or
more such tiled grating assemblies are used to build a
large aperture laser pulse compressor to achieve energetic
ultra-short laser pulses. In most of practical situations,
TGA is often trade off with large size expensive gratings
with desired specification in terms of compressed pulse
parameters [8, 9]. Two regimes of tiled pulse compressor
depending upon desired pulsed beam fidelity have been
reported in the literature, one mimic multi-beamlet com-
pressors with and without diffraction effects and other
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mimic spectral filter generating temporal pedestals. For
example, three small size gratings (each
14 x 12 x 2 cm®) are used in one tiled grating assembly
and three such tiled grating assemblies have been incor-
porated in the pulse compressor of a 50 TW class hybrid
Nd:glass laser system [20] at RRCAT Indore. In contrast,
one tiled grating assembly consisting of grating of size
70 x 19 x 5 cm® is used in the compressor of POLARIS
laser system [13] at university of Jena, Germany. Detec-
tion of various phase errors (angular: tip, tilt and in-plane
rotation, linear: longitudinal and lateral translation) and
grating groove density errors is desirable to maintain any
tiled laser pulse compressor operating in any regime to
achieve desired characteristics of pulsed beam in terms of
spatial and temporal parameters (e.g. far-field focal spot,
pulse duration, pulse contrast, etc).

Different phase locking techniques are reported to
achieve beam-locking or optic-locking of the tiled optic
assemblies e.g. grating assemblies of pulse compressors,
mirror assemblies of telescopes etc. These techniques are
primarily based on far field spatial beam profilometry
[21-30], interferometry [8—19], and imaging principles
[31, 32]. Most of techniques use either spectrally broad-
band beam or a monochromatic beam (single or multiple)
at same or different wavelengths to avoid ambiguities in
the phase detection. Use of separate cw laser beam at
different spectral frequencies is an early and well accepted
technique wused to align laser pulse compressors
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independently before actual compression laser shot (e.g.
pulse compressor at central laser facility in UK) and also
in the case of tiled assemblies consisting of two or more
gratings, often in-situ conditions for real time detection
and correction of various phase errors. Next, depending
upon experimental requirements, hybrid methods consist-
ing of two or more alignment techniques based on dif-
ferent principles in different optical geometries are
chosen. Grating assemblies, in contrast to non-angular
dispersive optic assemblies, require monitoring of both
reflected and diffracted beams for phase errors together
with interferogram. Since it is desirable to monitor profiles
of both reflected and diffracted beams together with
interferometry for each TGA of pulse compressor, diag-
nostic system become practically cumbersome in some
situations to allow monochromatic beam for probing
various phase errors of a tiled pulse compressor in the
presence of actual broadband laser beam. Next, ambiguity
in estimation of linear displacements (modulo of © in
double pass) using monochromatic source necessitate
either use of two-wavelength measurements or use of
mechanical switches to limit actuation or require moni-
toring of fringe visibility or peak of interferogram of cw
or pulsed broadband sources to avoid temporal de-syn-
chronization errors dictated by the desired compressed
pulse duration. In contrast, application of spectrally
broadband aberration free pulsed laser beam itself, often
available in the case of CPA laser systems, to monitor
phase errors of TGA shall reduce experimental complex-
ity. Further, operation and maintenance of a laser pulse
compressor [19, 33-36], one also need to estimate groove
density of the grating in situations requiring re-placement
of any grating of compressor. Therefore, it is desirable to
built phase detection and correction diagnostic system to
avoid above mentioned limitations. In this paper, a simple
intra-beam diagnostic system has been proposed for
aligning tiled planar optics, primarily based on spatial and
spectrally resolved far-field profilometry coupled with
spatio-spectral interferometry with enhanced precision.
Present diagnostic system has been applied to detect and
correct angular and piston errors of a tiled two-grating
assembly (TTGA) without any ambiguity and to estimate
groove density errors of gratings of the given assembly.
Since spatial and temporal de-synchronization errors of
pulse compressor stage are monitored using low power
reflected beam from first grating of the pulse stretcher,
applicability of present setup is demonstrated to phase
lock pulse compressor independently prior to main laser
pulse compression shot. Further, present technique does
not require either mechanical switch to limit actuation or
another spectrally broadband source to remove ambiguity
in phase errors to desired accuracies [19]. Experimental
results are reported for a TTGA based Treacy laser pulse
compressor using a cw mode-locked femtosecond Nd:-
glass based laser oscillator delivering ~ 200 fs duration
laser pulses at 100 MHz.
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2. Experimental setup

Figure 1 depicts a typical experimental setup of TTGA
based tiled grating laser pulse compressor coupled with
diagnostics for detection and correction of phase errors of
TTGA. Pulse compressor consists of a monolithic grating,
G, and two-gratings, G,; and Gy,, tiled assembly and
retro-mirror, RM to allow different optical path for forward
(incident) and backward (diffracted) beams to be inter-
cepted by the pickup mirror as pictorially illustrated. While
groove density of gratings is ~ 1740 lines mm™', size of
the gratings used in TTGA is 110 x 80 x 10 mm’. Grat-
ings of TTGA are placed on mechanical stage consisted of
two Newfocus 9081 aligner stages kept on in-house fabri-
cated tilt stage to achieve tip, tilt, in-plane rotation and
longitudinal/lateral piston, while first grating of compressor
is housed on another Newfocus 9081 aligner stage. Three
diagnostics namely spatio-spectral interferometer, profile-
monitors, and point diffraction interferometer used to
diagnose phase errors of TTGA with varying precision are
shown in figure 2a—c, respectively. In addition, near-field
spatial interferometer for cross-beam interference using
two-mirror in reflective bi-prism geometry (figure 1) has
also been used for detection of phase errors of TTGA. In
this case, two mirrors in reflective bi-prism geometry have
been used in such a way that optical arrangement does not
introduce any temporal delay between the beam-lets.

Laser beam from the femtosecond laser oscillator (GLX
200 from Time Bandwidth Products) is allowed to travel
through compressor and reflected, diffracted beams from
first grating and TTGA of compressor are picked up to
generate far-field spatial profiles required to monitor vari-
ous errors of TTGA.While both reflected beams one from
TTGA, collected using cylindrical and spherical lenses
while travelling through mirrors M;, M, to record spec-
trally resolved far field profiles, and other from first grating
G, collected using a plano-convex lens SL while traversing
through mirrors M3, M, are allowed to incident on a
detector screen, diffracted beam from tilted grating
assembly is allowed to incident on inverting spatial-spectral
interferometer to generate spatial-spectral interferogram on
the detector screen used for far-field profiles of the beams
as shown in figure 1.

Reflected and diffracted beam-lets from TTGA are also
collected using spherical lens using set of folding mirrors
Ms, Mg, M5 to obtain far-field profile on common detector
screen. Suitable neutral density filters have been used to
equalize intensity of laser beams i.e. interfering and
reflected beams etc for faithful recording by the CCD
camera. Since far-field profiles and interferograms are
displayed on single detector screen, which is imaged on to
single 8 bit CCD camera (Watec 902B), complexity of
electronics used in near simultaneous image acquisition in
the case of multiple cameras is greatly reduced on the cost
of reduced spatial resolution. Additional CCD camera has
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Figure 1. Typical setup of tiled grating laser pulse compressor coupled with diagnostics for detection and correction of phase errors of

TTGA.

been used for recording of a spatial interferogram between
beam-lets from TTGA as clearly illustrated in figure 1.
Video signals from CCD cameras are digitized using
National Instrument video frame grabber card NI1410
through multiplexer A6822 to allow monitoring and pro-
cessing of far field intensity distribution of reference,
reflected and diffracted beams, spatial and spatio-spectral
interferogram of the leaked beam through one of mirror of
retro-reflector of pulse compressor. Following procedure
has been adapted to phase lock TGA. First, angular errors
of reflected and diffracted beams are minimized by using
point diffraction interferometer and then far-field pro-
filometry coupled with spectral interferometry is applied to
detect and correct angular and piston errors of TGA. While
spectrally resolved reflected beam far-field profilometry has
been used mainly for tip and in-plane rotation errors, dif-
fracted beam far-field spatial profiles coupled with spatio-
spectral interferograms have been used to avoid ambiguity
in paired variables of the different phase errors. Any
deviation in diffraction angle of beam-lets in three-dimen-
sional space from TGA, arising either due to tilt or inter-
groove density error of TGA, or due to tip or in-plane
rotation error, results in varying spectral shifting and tem-
poral delay between two beams of inverting spectral
interferometer causing variation in interferogram (e.g.
fringe visibility, frequency and rotation). Further, piston

error of TGA also cause variation in temporal delay
between two halves of the inverting spectral interferometer.
Therefore, angular and piston errors of TGA can be easily
monitored and corrected with sub-wavelength accuracies
without ambiguity. Mismatch in groove density of the
gratings of TTGA can also be monitored over limited range
without re-optimization of the experimental setup, which
inturn help ease in operation and maintenance of com-
pressor requiring re-placement of any grating.

In contrast, phase errors of tiled optic assembly (TOA)
can be detected by monitoring pattern and visibility of
spatial fringes. For instance, maximizing fringe visibility of
the spatial interferogram ensure near zero piston error, thus
necessitating a spectrally broadband source [19] to reduce
phase error of TOA to desired accuracies in general. For
comparision typical spatial-spectral and spatial interfero-
grams are given in figure 2(d) and discussed later in the
next Section. However, it is mentioned that spatial inter-
ferograms are recorded within coherence length of the laser
beam, which is ~ 60 pm in the present case, ensuring
matching of two halves within fraction of this length, suf-
ficient for de-synchronization issues of compressor. Spec-
trally broadband source is needed for enhanced precision
except in the case of temporal interferograms and generally
available for much shorter duration CPA laser systems.
Next, single focal spot of compressed beam can be obtained
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Figure 2. Typical setup of various diagnostics of TGA based on: (a) spatio-spectral interferometry, (b) far field profilometry, (c) point
diffractometry, and (d) Typical spatio-spectral (left) and spatial interferograms (right) under different phase errors of tiled pulse
compressor. No fringe visibility (extreme right image) in case of spatial interferogram for delay larger than coherence length.

simply using tip/tilt correction within or outside the
disperser.

3. Experimental results

Different examples have been chosen to demonstrate phase
locking of TTGA [19, 36] and a composite image has been
generated, for each example shown in respective figure, to
include spatio-spectral interferograms (fop-left), spectral
power density of full interferogram (top-middle), combined
power spectral density of individual interferograms (fop-
right), spectrally resolved far-field profile (middle), and far-
field spatial profiles of referenced, reflected and diffracted
beams (bottom). Referenced black lines are also shown in
far-field profiles of reflected and diffracted beams for visual
identification of phase error of TTGA (e.g. single slope of
locus of maxima of spectrally resolved profile represents
negligible tip or in-plane rotation error). Next, it is stated
that far-field profiles of two halves of the laser beam from
spectral interferometer (although one is sufficient for
angular error detection) are shown in each example to

retrieve information of interaction geometry of the
interferometer.

Figure 3 depicts typical composite images obtained
under different values of angular errors (filt, tip, and in-
plane rotation) and linear translation errors (longitudinal,
lateral) of the TTGA. An example of dominant piston is
given in figure 3(a). Captions are also embedded in this
figure and are applicable for all composite images. It may
be seen clearly from this example that spectral fringe fre-
quency of two halves of interferogram is different owing to
different temporal delay caused by the piston error of
TTGA. Both magnitude and sign of piston error of TTGA
can be estimated without ambiguity for known temporal
delay between two beam-lets of the inverting spectral
interferometer. Using fringe frequency equalization for two
halves of the interferograms, relative temporal delay
between two interfering beams (hence piston error of
TTGA) can be easily minimized to zero as illustrated.
However, in practical condition estimating absolute fringe
frequencies (hence absolute path difference) depends on
spectral resolution of spectrograph, number of spectral
points which can also be enhanced digitally and has been
demonstrated earlier with accuracies of few wavelengths.
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Figure 3. Typical composite image of measurements corresponding to different amounts of phase errors: (a) dominant piston,
(b) dominant tilt, (c) dominant in-plane rotation error and (d) dominant tip error corrected using in-plane rotation and piston. Referenced
horizontal and vertical black lines are also shown in spectrally resolved profile of reflected beam and far-field profiles of reflected/
diffracted beams respectively for visual identification of angular errors. Caption for each measurement is given in 3(a).

Further, differential phase shifts of the interferograms
provide estimation of piston with sub-wavelength accura-
cies. However, it is mentioned that such precision is not
required in the pulse compression experiments involving
multi-cycle duration laser pulses except phase locking to
obtain single focal spot. Next, far-field spatial profiles of
diffracted and reflected beams, shown in respective com-
posite image, also indicated negligible angular error of
TTGA in the present case. Further, space resolved spectral
interferograms also help to minimize angular errors of TGA
as offset fringe carrier owing to differential temporal delay
across beam. An example of dominant tilt is given in the
figure 3(b), which show composite image of different
measurements for two values of the tilt. Varying tilt angle
cause rotation of spectral fringes as illustrated for two
different values of tilt error of opposite sign. Spectral power
density of full and individual interferograms and far-field
profiles of the diffracted beam (two different focal spots)
also indicate different values of tilt error of the TTGA
relative to fixed grating. Next, examples of TTGA with tip
and in-plane rotation (IPR) errors are considered. While tip
error cause equal beam poynting errors in both reflected and
diffracted beams, IPR error affect diffracted beam only.

Therefore, simultaneous monitoring of far-field profiles of
diffracted and reflected beams allow visual identification of
tip in presence of IPR. Further, change in poynting of
diffracting beam in either direction (owing fo tip or IPR
errors) cause spectral shifting of the two halves of the
inverting spectral interferometer leading to smaller visi-
bility of spectral fringes and can be easily detected in
spatio-spectral interferometry as well. Examples of TTGA
with dominant tip and in-plane rotation errors are illustrated
respectively in the figure 3(c) and (d) for two different
values of opposite sign around phased condition. Visibility
of the spectral fringes is observed to decrease, as expected,
with tip or in-plane rotation errors. Further, spectral fringe
frequency of the two halves of the interferogram is also
observed to vary with angular errors and is attributed to
relative temporal delay between beam-lets caused owing to
e.g. non-gimbal mounts housing TGA. Coupled with far-
field profilometry, ambiguity in paired variables of TGA
are also avoided. For instance, while angular errors cause
spectrally dispersed far-field profile owing to residual
angular dispersion and spatial chirp, tip/tilt error cause
eventual splitting of far-field profiles in vertical/ horizontal
directions prior to variation in intensity distribution
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(ensuring sub-wavelength precison). Next, since phase error
of TGA are obtained from differential angular errors of the
interfering beams and far-field profiles, it is important to
monitor angular errors of the beams due to interferometer
setup. From these illustrations, it may be seen clearly that
different angular errors of TGA can be detected and cor-
rected with sub-wavelength accuracies. Further, piston
error of TTGA can also be estimated with sub-wavlength
accuracies without 2m ambiguity, that normally occur in
most of cases using monochromatic or broadband sources.

Next, in addition to realizing phased array of gratings of
tiled pulse compressor, aligning and maintaining tiled pulse
compressor remain another task. For example, any devia-
tion between diffraction angle at first grating (or TGA) and
incidence angle at second grating (or TGA) shall result in
generation of spectral divergence or pulse front tilt in the
beam (or beam-lets). Therefore, monitoring of angular
divergence (or PFT) of beam (or beam-lets in case of tiled
pulse compressor) help easier identification and correction
of phase error of pulse compressor without using any
additional optics. Example with nearly well aligned tiled
pulse compressor with phased array of gratings is depicted
in figure 4(a), while misaligned tiled pulse compressor with
non-phased array of gratings is shown in figure 4(b) corre-
sponding to two different tilt values of the TTGA relative to
a first grating of the pulse compressor. For misaligned
compressor, far-field profiles (also power spectra of spatio-
spectral interferogram) are dispersed owing to angular
dispersion and spatial chirp as shown in this example. From
this illustration, it is stated that both spatio-spectral inter-
ferogram and far-field profiles may be applied to detect and
correct phase error of array of grating and pulse compres-
sor. TGA, however can also be phased in such cases by
equalizing value of angular dispersion estimated from two
halves of the spatio-spectral interferograms.

(a) (b)
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Now, in the case of tiled pulse compressor, a situation
may occur in practice where TGA has gratings with groove
density deviated from the designed values due to various
reasons e.g., gratings from two different manufacturers
fabricated under different conditions. Such grating assem-
blies are not desirable for faithful laser pulse compression
owing to residual uncompensated angular dispersion caused
by grating groove-density mismatch, although inter-groove
density errors of TGA may be tolerated to some extent [35]
owing to tilt as one of degree of freedom of tiled pulse
compressor. Examples of TGA with inter-groove density
errors has been considered to illustrate detection of such
practical situations. Since tilt error of TTGA is paired with
inter-groove density error of TGA, any deviation in groove
spacing between two gratings results in different beam
poynting of the diffracted beam causing ambiguity in
estimation of tilt error of TTGA. However, simultaneous
monitoring of far-field profiles avoid this ambiguity and is
taken as an advantage to test any grating of TGA for inter-
groove density errors in order to replace any grating of
TGA for easier operation and maintenance of the tiled pulse
compressor. Figure 5(a) and (b) present composite images
of various measurements corresponding to TTGA consist-
ing of gratings [36] with inter-groove density (AN) error of
0.03 lines mm ™' and 4.75 lines mm ™' respectively. Far-
field profiles of reflected beam from TTGA is also shown
along with spectrally resolved far-field profiles. From spa-
tio-spectral interferograms shown in figure 5(a) corre-
sponding to TTGA with smaller inter-groove density errors,
it may be noticed that there remain relative tilt error causing
rotation of fringes in one halve of the interferogram, while
diffraction angle detector did not show visual presence of
tilt error. This is in contrast to measurements given for
TTGA with larger inter-groove density errors (figure 5(b)),
where-in a large difference in angle of incidence is

Figure 4. Typical composite image of measurements corresponding to: (a) aligned compressor with phase matched gratings and
(b) misaligned compressor with different tilt angles. Dispersed far-field profiles and power spectra of interferogram indicate

misalignment.
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Figure 5. Typical composite image of measurements corresponding to grating with different groove densities: (a) AN = 0.03
lines mm~' and (b) AN = 4.75 lines mm ™" for different alignment conditions.

observed for nearly equal diffraction angles at central
wavelength as inferred from far-field profilometry coupled
with interferograms. Further, example of misaligned com-
pressor presented in figure 5(b), also show generation of
angular dispersion and spatial chirp as clearly seen from
respective interferometry and far-field profilometry data.
From this illustration of a near-phase matched TTGA (in
terms of diffracted beams) shown in figure 5(b), the dif-
ference in angle of incidence in the case of TTGA with
different gratings is estimated to be ~ 0.61° using far-field
profiles of reflected beam from TTGA, which corresponds
to inter-groove density (AN) error of 4.85 lines mm™"' at
wavelength of 1056 nm.

From above illustration using various examples of phase
errors of TTGA, it is stated that different linear and angular
errors of TGA can be detected and corrected with sub-
wavelength precision without ambiguities. It is further
stated that no-attempt was done to improve precision in
various measurement in a demonstrating experiment.
However, it is mentioned that present experiment, carried
out using laser beam with 10 mm diameter (natural
divergence of ~ 134 prad), also allow estimation of
angular errors of ~ 10 prad in sparrow criteria, which is
smaller than Rayleigh diffraction limit owing to multi-
thresholding technique applied in detection of centroids of
far-field spatial profiles. Accuracies in estimating angular
errors can also be significantly improved either by using a
large size beam of desired wavefront quality or using a
simultaneous dual interferometric —measurements at
extremities of the gratings using smaller low power beam
with higher wavefront quality. And angular scaling
achieved through optimized interaction geometry also helps
to achieve higher precision in the angular errors measure-
ment in spatio-spectral interferometry as well. Ambiguity
in paired variables of TTGA (e.g. tip with ipr error, tilt with
groove density error) is removed by simultaneous

monitoring beam poynting of both reflected and diffracted
beams, as illustrated through various examples of phase
errors of TTGA. Electronically controlled actuations to
generate tilt, tip, in-plane rotation and piston movements
using a referenced beam, required for automatic phase
locking of TGA and tiled pulse compressor as whole, will
further improve accuracies in estimation and correction of
various phase errors.

4. Conclusion

In summary, a simple intra-beam alignment setup, pri-
marily based on spatial and spectrally resolved far-field
profilometry coupled with interferometry with enhanced
precision, has been demonstrated to phase lock tiled grating
assemblies, aligning and maintaining a tiled grating laser
pulse compressor. Both linear and angular errors of tiled
two-grating assembly are detected and corrected with sub-
wavelength accuracies without ambiguity, independently
using low power pulsed beam with high wavefront quality
from first grating of the pulse stretcher, prior to main laser
pulse compression shot. Inter-groove density errors of tiled
grating assembly are also estimated. Further, use of either
monochromatic laser beams of different wavelengths or
spectrally broadband cw source to remove ambiguity in
piston errors to the desired accuracies are also avoided.
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