
Vol.:(0123456789)1 3

Appl. Phys. B (2017) 123:117 
DOI 10.1007/s00340-017-6682-2

Active phase locking of a tiled two-grating assembly for high-
energy laser pulse compression using simultaneous controls 
from far-field profiles and interferometry

A. K. Sharma1,2 · A. S. Joshi1 · P. A. Naik1,2 · P. D. Gupta1,2 

Received: 20 December 2016 / Accepted: 20 February 2017 / Published online: 29 March 2017 
© Springer-Verlag Berlin Heidelberg 2017

of large size gratings, two or more gratings are phased in 
such a way that a tiled grating assembly (TGA) mimic a 
monolithic grating [7–22]. Two or more such tiled grating 
assemblies are used to build a laser-pulse compressor for 
large size, chirped laser beam, to achieve high-energy ultra-
short laser pulses. For example, three small size gratings 
[14  cm (length) × 12  cm (width) × 2  cm (thickness) from 
M/s Spectrogon, UK] are used in one grating assembly and 
three such tiled grating assemblies have been incorporated 
in the pulse compressor of a 50 TW class hybrid Nd:glass 
laser system [23, 24] at RRCAT Indore.

Grating with large size and adequate specifications are 
difficult to fabricate due to technological challenges and 
hence their cost is also very high. For instance, maintaining 
wave front quality of a diffracted beam over larger aperture, 
one would require a thicker grating substrate with smaller 
thermal expansion coefficients and smaller groove density 
errors leading to a larger weight of gratings and difficult 
fabrication process respectively. Next, use of single mono-
lithic grating of larger size also poses challenges in their 
handling and require additional mechanical tools. Smaller 
size gratings are easier to handle and to maintain wave-
front quality of diffracted beam in a tiled grating assem-
bly. Further, small errors in the groove density of the tiled 
gratings can also be compensated with differential angle of 
incidence. But TGA’s shall require additional diagnostics 
and correction setups to estimate and correct various phase 
errors as discussed in the next paragraph.

There are several types of phase errors e.g. angular tip, 
tilt and in-plane rotation and longitudinal, lateral trans-
lation in any tiled optical assembly, wherein one optic 
is fixed relative to others. In case of TGA, there could 
be inter-grating groove density errors that also need to 
be addressed for phase locking of TGA for laser pulse 
compression. Several methods have been reported in the 

Abstract  A prototype study on active phase locking 
of a tiled two-grating assembly (TTGA) using four elec-
tronic nanometric actuators has been reported, for its use 
in high-energy laser pulse compression. Measurement and 
correction of various phase errors of a TTGA have been 
demonstrated with a precision of sub-50 nm in differential 
longitudinal translational and sub-10  µrad in differential 
angular errors using controls derived from simultaneous 
recording of laser interferogram and far-field profiles of 
reflected and diffracted beams from TTGA differentiating 
in-plane rotation with respect to tip error, which is oth-
erwise difficult in the case of using interferometry alone. 
Multiple-level intensities in the thresholds of the power 
spectra of apodized interferogram and far-field profiles 
have been adapted to estimate spatial frequencies and beam 
peak positions with sub-pixel accuracies.

1  Introduction

Chirped pulse amplification (CPA)-based high-energy 
high-power ultra-short pulse-laser systems [1] are required 
to study physical processes involved in laser–plasma inter-
action [2], generating secondary sources of radiation, 
charged and neutral particles [3–6] for various applica-
tions. Energy or power scaling of any CPA-based laser sys-
tem [1] is often limited by the size and damage threshold 
of the pulse compression gratings. Due to less availability 
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literature to measure and correct these errors. For exam-
ple, diagnostics based on analysis of far-field intensity 
distribution [10, 11, 20–22] of reflected and/ or diffracted 
light from a tiled optical system, and two-dimensional 
interferometry [8, 9, 13–18] both either using single or 
two laser wavelengths. Both these methods are simple 
and sensitive for the detection of various phase errors but 
have their own advantages and disadvantages.

In case of tiled grating assembly, any difference in 
the groove density of the two gratings for given angle of 
incidence shall result in different diffraction angles for 
beamlets from phase-locked TGA. Such situation can 
also occur for two gratings of identical groove density 
for different angles of incidences, i.e. differential angle 
of incidence error or tilt error. Therefore, it is difficult 
to differentiate tilt error with groove density error from 
measured angles of diffraction for beamlets from TGA. 
Likewise, it is difficult to avoid ambiguity between tip 
errors with in-plane rotation error and longitudinal piston 
with lateral piston of tiled grating assembly using inter-
ferogram alone, recorded using diffracted and a reference 
beam, which is used to generate three actuation controls 
namely tip, tilt and piston. In general, the lateral piston 
also affects the focal spot intensity distribution [17] but 
has no angular wavelength dependence and hence no sep-
arate control is required for lateral piston in the case of 
tiled pulse compressor.

In contrast, simultaneous monitoring of far-field beam 
profiles of reflected and diffracted beam from TTGA, the 
mismatch between angle of reflection and diffraction and 
plane of reflection and diffraction can easily be differenti-
ated. Once plane of reflection and diffraction are matched, 
observing focal spot splitting (or modulation in the far-field 
beam profile) of otherwise single focal spot of the reflected 
and diffracted beam one can obtain information on groove 
density error of tiled gratings. However, in the case of focal 
spot-based diagnostics alone deriving various controls for 
tip, tilt, in-plane rotation and piston is also very challeng-
ing and difficult as focal spot distribution is quite compli-
cated in simultaneous presence of various phase errors in 
the tiled grating assembly [25, 26]. Next, focal spot inten-
sity distribution gets further complicated in the presence of 
beam wave front distortions and for a spectrally broadband 
high-power pulsed laser beam. However, one may use far-
field focal spot-based diagnostics to phase lock a tiled grat-
ing assembly using global optimization of various errors in 
such a way that one achieve single focal spot in diffracted 
and reflected beam but shall require a difficult algorithm 
and that is quite challenging due to complicated far-field 
laser profile of a high-power laser beam. In contrast, a low-
power monochromatic beam may be used in far-field diag-
nostics to avoid errors due to beam aberrations of the high-
power laser beam.

It is clear from the above discussion that estimating vari-
ous beam angles from either method and hence the phase 
errors of TGA is one of the key requirements to achieve a 
phase-locked TGA with sub wavelength accuracies. Using 
laser interferogram recorded between a reference and dif-
fracted beam from TGA, one estimate diffracted beam 
cross-over angles with respect to a reference beam either 
by directly estimating fringe spacing and orientation or 
estimating spatial carrier frequencies of the two halves of 
the interferogram. Therefore, in order to have correct actua-
tion controls for alignment of tiled gratings assembly, it is 
important to know the magnitude and sign of beam angles 
relative to the reference beam. The piston error is estimated 
by analyzing two halves of the interferogram and analyzing 
the intensity distribution of far-field profiles.

In the case of estimating tip and tilt errors using spatial 
frequencies of the interferogram, the accuracies of phase 
errors directly depend on accuracies in the estimation of 
spatial carrier frequency [27–31] and is limited, especially 
in the case when the spatial carrier frequencies are not 
integral or half integral multiples of the frequency inter-
val dictated by the total number and size of pixel of CCD 
used to record the interferogram. Further, the presence of 
systematic or non-systematic noises in the interferogram 
also affect the estimation of the spatial carrier frequencies. 
To improve the accuracies in estimating of peak positions 
of far-field profiles and spatial carrier frequencies, multi-
ple-level thresholds. of far-field intensity distribution and 
power spectrum of apodized interferogram with suitable 
padding have been adapted leading to sub-pixel accura-
cies in the estimation of a peak spatial carrier frequencies 
of an interferogram and peak positions of far-field profiles 
(hence beam angles) below diffraction-limited resolution 
[10], respectively. Apodization of an interferogram helps to 
reduce picket fence effects and suppress frequencies gener-
ated due to finite-size interferogram. The peak spatial fre-
quencies are estimated as intensity-weighted function of 
thresholded and apodized power spectra.

To address ambiguities in paired variables of TGA, a 
four-control variable hybrid scheme, comprising a three-
control variables from laser interferometry and one-control 
variable from a far-field diagnostics involving simultane-
ous monitoring of reflected, diffracted and reference beams, 
is implemented in prototype study of tiled two gratings 
assembly (TTGA). While phase-error correction in a tiled 
grating assembly may be achieved using manual controls, 
an active electronic-error correction system will be useful 
to minimize errors, reduce maintenance time and to keep 
tiled grating assembly phase locked on a long-term basis. 
This paper presents theoretical and experimental studies on 
a prototype of a four-variable, automated phase control of 
tiled two-grating assembly (TTGA) with a worst-case pre-
cision of sub-50 nm in differential piston and sub-10 µrad 
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in differential tip, tilt and in-plane rotation. A monochro-
matic light source at wavelength (λ) of 632.8 nm with full 
angle divergence of ~16 µrad has been used in the present 
experimental studies on phase locking of TTGA. Long-
term stability of a TTGA has been demonstrated over 1 h. 
Using detailed analysis of far-field intensity distribution, 
one achieves actuator-limited angular precision of ~1 µrad 
in tip, tilt and in-plane rotation errors.

2 � Theoretical background

To obtain intensity distribution of an interference pat-
tern for a two-beam laser interferometry, in an interaction 
geometry shown in Fig.  1a, one first defines a Gaussian 
beam with electric field E(x,y,z), as

where k (=2π/λ is the propagation constant, W(z) [=Wo 
{1+(z/zR)2}1/2] is the beam waist at distance z, and R(z) 
(=z + ZR

2/z) is the curvature of phase front at distance z, and 
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is position dependent Guoy phase shift.
For two Gaussian laser beams propagating at respective 

angles, θi and ϕi (subscript i = 1,2; corresponds to two beams) 
with respect to x- and y-axes defined in the Fig. 1a, the result-
ant two-dimensional interferogram F(x,y) at given propaga-
tion distance z may be expressed as

where xi, yi, and zi may be expressed as

The parameters I1(x1,y1,z1), I2(x2,y2,z2) and φ1(x1,y1,z1), 
φ2(x2,y2,z2) are the intensities (E.E*) and the phases (term in 
second exponent of Eq. 1) of two beams, around interaction 
region as shown in the Fig. 1a. From Eqs. (2) and (3), it is 
clear that interference fringes may be formed and fringe spa-
tial frequencies shall be governed by the respective angles, 
θi and ϕi, the respective beam radii and curvatures of beam 
phase fronts in general. Local fringe spacing and inclination 
(magnitude and sign) can be determined by equating differen-
tial spatial phases of the two beams to integer multiple of 2π. 
Under plane wave approximations, straight line fringes are 
formed with spatial frequencies, along x and y axes related to 
beam overlap angles (θ1, ϕ1) and (θ2, ϕ2), as

and are useful in many applications such as diagnostics 
tool for active locking of any tiled optical surface. In such 
a case, an interferogram is formed between a reference and 
reflected or diffracted beam from a tiled optical surface, e.g. 
tiled grating assembly. The phase function of planner tiled 
surface can be expressed as h(X,Y) = kZ + constant, where 
coordinates (X, Y, Z) can be determined using transformations 
of the Cartesian coordinates for the given values of tip angle 
(θx), tilt angle (θy), in-plane rotation (θz), longitudinal piston 
(Δx) and lateral piston (Δz) errors as shown in the Fig. 1b. 
Lateral piston along y axis is ignored, as precise control is not 
required in case of tiled grating assembly. For a tiled grating 
assembly, an effective tip [θ′x], effective tilt [θ′y] and effec-
tive translational errors [Δz′] for interferometry between ref-
erence and diffracted beam are expressed, using equations 
sin(α+θy) + sin(β−δθy) = Nλ/cosθz and sinθx − sinθ′x = Nλ 
sinθz along horizontal and vertical directions, as
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Fig. 1   a Typical interaction geometry for two Gaussian laser-beam 
interferometry; b illustration of various phase errors (translational 
errors: Δx, Δy, Δz, and angular errors: tip θx, tilt θy, in plane rotation 
θz, and groove period error: (d1 − d2) of a tiled two-gratings assembly
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where parameters α and β are the angles of incidence 
and diffraction, respectively and are much larger than angu-
lar errors; the parameter ΔN is the groove density mismatch 
with N being the groove density. Relative contributions in 
each term shall depend on sign and magnitude of differ-
ential angles, positions and groove density of a tiled grat-
ing assembly. It is clear from the Eq.  (4) that using inter-
ferometry, one can estimate three parameters, i.e. effective 
tilt, tip and piston error for given tilt, tip, in-plane rotation, 
longitudinal and lateral pistons, and groove density errors. 
In the absence of groove density mismatch, the differential 
tilt angle can be estimated easily. However, in-plane rota-
tion error is paired with tip error, and therefore these two 
are also difficult to estimate and correct by actuating tip of 
tiled grating assembly alone. However, it is straightforward 
to differentiate in-plane rotation error with tip by simul-
taneous monitoring of the far field of the diffracted and 
reflected beams as focal spots due to diffraction and reflec-
tion shall appear at different planes. For an interferogram 
recorded for an object with surface distribution h(x, y) with 
respect to the reference planer object (such as flat mirror), 
function h(x, y) can be obtained from estimated Δφ (x, y) as

where parameter m is a constant depending upon the 
geometry of the experimental setup and equals to 2 in a 
double-pass measurement setup. It is further mentioned 
here that in the case of tiled grating assembly, one is inter-
ested to retrieve information on relative beam angle by esti-
mating peak spatial carrier frequencies and piston using 
suitable calibrations defined in Eqs. 4 and 5.

Figures 2 and 3 show typical theoretical interferograms, 
generated between a referenced beam propagating at angles, 
θr and ϕr and two halves of the beam—diffracted from mov-
able grating (MG) and fixed gratings (FG) of TTGA (kept 
at Littrow configuration in the present setup)—propagat-
ing at angles, θt1, ϕt1 and θt2, ϕt2 relative to x- and y-axes, 
respectively. While Fig. 2 shows typical interferograms for 
no or large amounts of phase errors in TTGA, Fig. 3 depicts 
typical interferograms for small amounts of phase errors of 
TTGA. Corresponding power spectrum in each example is 
also shown in the Figs. 2 and 3.

While the parameters θr, ϕr and θt1, ϕt1 are fixed for a 
given configuration, θt2 and ϕt2 are variables to control 
and correct differential tip and tilt angles of tiled opti-
cal surface. While spatial frequencies of the interfero-
gram in the two halves are governed by the relative beam 
cross-over angles (Δθti = θr – θti and Δϕti = ϕr – ϕti) of the 
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reference and diffracted beams from the tiled surface 
and are arbitrary, the differential angles (Δθt = θt1 − θt2 
and Δϕt = ϕt1 − ϕt2) constitute the phase profile of the 
tiled planner optical surface that needs to be estimated. 
To illustrate the effects of magnitude and sign of relative 
beam cross-over angles on interferogram for TGA, differ-
ent values of θt1, ϕt1 and θt2, ϕt2 relative to the reference 
beam have been chosen, which result in identical orien-
tation of fringes in the two halves of the interferogram 
of TTGA. In such cases, it is not possible to generate 
adequate control using interferogram alone. Knowledge 
of magnitude and sign of beam cross-over angles relative 
to the reference beam is needed and is easily obtained by 

Fig. 2   Theoretical interferogram (left) and corresponding upper 
half of the Fourier spectrum (right) between the reference and dif-
fracted beams from TTGA for different values of differential angles 
[Δθt1, Δϕ t1, Δθt2, Δϕ t2] in µrad: a ± [+100, +100, +50, +50] or ± 
[+100, +100−50, −50]; b ± [+100, +100, +50, −50] or ± [−100, 
−100, −50, +50]; c ± [+100, −100, +50, +50]; or ± [+100, −100, 
−50, −50]; and d ± [+100, −100, +50, −50] or ± [−100, +100, −50, 
+50]; and e ± [+100, +100, +100, +100]
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monitoring the reference beam relative to the diffracted 
or reflected beam from TGA. Next, it is seen from the 
Fig.  2 that tip and tilt errors of the tiled surface can be 
visually detected and easily corrected by comparing peak 
spatial frequencies (and hence fringe spacing and orienta-
tion) in the two halves of the interferogram.

Next, for smaller positional and angular phase errors, 
image processing of two halves of an interferogram is 
highly desirable to estimate spatial carrier frequencies and 
hence fringe spacing and orientation. In such a case, power 

spectrum of the full interferogram also becomes quite sen-
sitive to phase errors and may be taken as visual indicator 
to detect phase errors, as illustrated in the Fig. 3a–c. This 
is much more evident in the case of pure piston error, as 
depicted in the Fig.  3d. For a pure piston phase error of 
π, the power spectrum of interferogram is splited into two 
halves with equal intensity. The intensity ratio of the two 
lobes changes periodically, and the ratio of two lobes is 
taken as indicator for piston error. It is clearly seen from 
the Fig.  3 that constant phase slip is an example of pure 

Fig. 3   Theoretical interfero-
gram (left) with spatial carrier 
frequency of 158 m−1 in y-axis 
and corresponding power 
spectrum (right) of apodized 
interferogram (inset) for smaller 
values of the phase errors: a 
pure tip error of 10 µrad; b 
pure tilt error of 10 µrad; c Tip 
and tilt errors of 10 µrad each; 
and d pure piston error of π. 
Line-outs of interferograms are 
also depicted to show discrimi-
nation between translational 
and angular errors. While 
full power spectrum, for the 
example given, is shown in b 
and d, the negative frequencies 
along the y axis are ignored in 
power spectra shown in a and 
c for a clearer illustration of 
spatial frequencies. A white 
line in power spectrum shown 
in b is also drawn to enable 
easier visualization in shifting 
of spatial frequencies due to the 
tilt error. Top-left inset in power 
spectrum of a shows apodized 
interferogram
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piston shown in Fig. 3d, while spatially varying phase slip 
is an example of tip/tilt error as shown in Fig. 3a, b. Fig. 3c 
shows an example of simultaneous presence of tip and tilt 
errors.

Next, it is mentioned that piston error can be estimated 
and minimized either by maximizing the ratio of funda-
mental to second harmonic carrier frequency using a Fou-
rier transformation of product of two signals (i.e. line-outs 
of interferograms at the extreme right of the first half and at 
the extreme left of the second half, as shown in the left side 
of Fig. 3a–d) or by estimating phase shifts of two signals 
using peak fringe spatial locations. Line-out interferograms 
at the extreme right of the first half and the extreme right of 
the second half are also shown in Fig. 3b, c for tilt error, as 
former pair of line-outs cannot be used to detect this error. 
It is clear from Figs.  2 and 3 that spatial carrier frequen-
cies of the two halves of the interferogram can be estimated 
with high precision, and reducing the difference between 
the two is necessary to achieve the minimum differential 
tip and tilt errors of TTGA. It is worthy to mention here 
that for phase locking of planner TTGA, one is interested in 
estimating peak spatial carrier frequencies by ignoring the 
distribution of spatial frequencies, and hence the relative 
errors in the beam pointing in the diffracted and reflected 
beams from TTGA.

The effects of thresholding, apodization, and padding in 
estimating spatial carrier frequencies from a noisy inter-
ferogram are illustrated by the example given in Fig. 4. It 
may be noted from this figure that for a noise-free inter-
ferogram, errors in the spatial carrier frequencies are less 
than 1% without apodization and padding (Fig. 4a), which 
reduce to ~0.01% upon apodization and with padding factor 
of 4 (Fig. 4b) for a power threshold of 10%. The error in the 
spatial carrier frequencies remains less than 1% even for a 
phase noise with standard deviation of 3λ/4 with mean of 
0 with apodization and with padding factor of 4 for thresh-
old of 80% (Fig. 4c). It is clear from these examples that 
thresholding, apodization and padding help to improve pre-
cision in the estimation of spatial carrier frequencies. In 
this example, where spatial carrier frequencies are along 
both x- and y-axes (example shown in the Fig. 4), both tip 
and tilt errors shall be affected by the ratio of the respec-
tive spatial carrier frequency to the sampling frequency. In 
case, when spatial carrier is along one direction, for exam-
ple, along y-axis alone as shown in Fig. 3, it is the tip error 
which is the most affected by the ratio of actual spatial fre-
quency to sampling frequency limit for spatial carrier. In 
summary, the angular error decreases with the increasing 
padding factor and is much smaller when actual fringe fre-
quencies approach towards multiple or half integer multiple 
of the sampling frequency limit set by the detector for an 
apodized interferogram. Therefore, fringe frequencies of 
the interferogram are chosen such that these are multiple 

or half integer multiple of the sampling frequency limit. 
The padding of an interferogram may be understood as 
extrapolating the fringe pattern so as to effectively improve 
the angle estimation and is taken as a trade-off between 
desired accuracies and computational time. Next, error in 
estimating the spatial carrier frequencies increases with the 
increase in intensity or phase noise. However, the use of 
thresholded power spectrum substantially reduces the error 
in the estimation of spatial carrier frequencies.

3 � Experimental setup and results

Figure 5 shows a typical experimental setup to demonstrate 
a prototype of an active phase locking of TTGA consist-
ing of two gratings 110 mm × 80 mm × 10 mm, each with 
a groove density of ~1740 lines/mm. TTGA is illumi-
nated at Littrow configuration by a well-collimated beam 
of ~50  mm diameter (estimated full angle divergence of 
~16 µrad) from a He-Ne laser (λ = 632.8 nm) coupled with 
suitable beam expander and a beam splitter. An interfero-
gram between the reference and diffracted beam from 
TTGA is generated and recorded using an eight-bit CCD 
camera (pixel size: 8.6 µm × 8.3 µm) with a suitable beam 
de-magnifier as shown in the Fig. 5. Far-field distribution 
of the reflected and diffracted beams from a TTGA together 
with far field of a reference beam are recorded using 
another CCD with the help of suitable beam splitter and 
mirror combination as depicted in the Fig. 5. For a perfect 
phase locking of two gratings, difference in the groove den-
sity of the two gratings may also result in angular mismatch 
between two halves of the diffracted beam and hence focal 
spot splitting (or modulation in the far-field beam profile) 
of otherwise single focal spot of the diffracted beam. Pre-
sent setup also helps to study and compensate for a slight 
mismatch if any between groove densities of two gratings 
with a differential tilt angle, and a single focal spot of the 
diffracted beam from the tiled grating assembly is achieved. 
The accuracies in determining the groove density errors or 
other phase errors depend on wave front quality of the inci-
dent laser beam and optical aberrations.

While one grating of TTGA is mounted using additional 
adapter on two nanometric actuator-driven mirror mount 
8821 kept on a linear translational stage with nanometric 
actuator 8303 V to achieve tip, tilt and longitudinal piston 
error correction, the other grating is placed on an another 
mount with a nanometric actuator 8303  V for in-plane 
rotation error correction. All four nanometric actuators 
are NewFocus make and controlled using NewFocus con-
troller 8752 interfaced with a personal computer. The two 
analog signals from two CCDs (Watec 902B) are digitized 
using national instrument video frame grabber card NI1410 
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through multiplexer A6822 to allow processing of inter-
ferogram and far-field intensity distribution of the reference 
beam, reflected and diffracted beams from TTGA to derive 
necessary controls for four nanometric actuators in order 
to correct tip, tilt, longitudinal piston and in-plane rotation 
errors.

In the present case, phase locking is achieved in follow-
ing steps. First, spatial carrier frequencies are estimated 
from both halves of an interferogram, and error is cor-
rected using tip/ tilt actuators. Then in-plane rotation errors 
between the two gratings are estimated and controlled using 
a third nanometric actuator by simultaneous monitoring 

Fig. 4   Power spectrum corresponding to a theoretical interferogram 
with spatial carrier frequencies of 158 m−1 in x- and y-axes under dif-
ferent conditions: a no apodization and noise-free interferogram; b 

apodized interferogram with no intensity or phase noise; and c apo-
dized interferogram with a random phase noise with standard devia-
tion of 3λ/4 and zero mean value1
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the peak positions of the far-field intensity distribution of 
the diffracted and reflected beams from TTGA. To achieve 
this, a diffracted and a reflected beam from TTGA and a 
referenced beam are focused on to a single CCD camera 
using a long focal length lens to meet the required accu-
racies in the angle measurements. Once in-plane rotation 
is corrected, tip and tilt errors are corrected again using a 
feedback loop. Once tip, tilt and in-plane rotation errors are 
corrected, TTGA is phase locked in such a way that phase 
errors due to piston are minimized using a fourth nanomet-
ric actuator. Finally, a mismatch in the groove density of 
the two tiled gratings is estimated by analyzing focal spot 
of a diffracted beam and suitably locked by compensating 
through tilt error to achieve single focal spot of diffracted 
beam for a TTGA.

Figure  6 shows typical experimental interferograms of 
TTGA (I), line outs used to retrieve piston error at extreme 
right and extreme left edge of the first and the second 
halves of interferogram (II), far-field profiles of the dif-
fracted and reflected beams from TTGA (III), the combined 
power spectrum of individual interferograms (IV), and the 
power spectrum of full interferogram (V) under different 
conditions of phase-locked and non-phase-locked TTGA. 
Interferogram shown in I is cropped for clearer depiction 
of fringes with typical spatial carrier frequency in range 
1.1–1.5 lines per mm in both the halves. Various power 
spectra shown in Fig. 6 are not to scale. Figure 6a shows an 
example of non-phase-locked TTGA with tip, tilt, in-plane 
rotation and piston errors. Differential tip and tilt errors are 
estimated to be 106, 143  µrad from the estimated central 
spatial carrier frequencies of the interferogram. In order to 
compare these values, the tip and tilt errors are also esti-
mated from far-field spatial profiles of the diffracted and 
reflected beams. While tip and tilt errors are estimated to 
be 101, 133 µrad from the diffracted focal spot, values for 
tip and tilt errors are estimated to be 74, 130 µrad from the 
reflected far-field spatial profiles, respectively. Differences 
in the tip errors obtained using the diffracted and reflected 

spots are attributed to in-plane rotation. Figure 6b depicts a 
phase-locked TTGA with differential tip, tilt, in-plane rota-
tion errors of less than 10 µrad and differential piston error 
less than 50  nm estimated using interferometry. Further, 
it may be seen that single far-field beam profiles are not 
achieved in the diffracted and reflected beams, even when 
interferometry data show a phase-locked condition. The 
separation in the two lobes of the spots in the diffracted 
and reflected beams along horizontal direction is attributed 
to either the groove density errors of the two gratings or 
optics/ beam aberrations. The CCD of far-field profile was 
placed at best focal condition for both the reflected and dif-
fracted beams. In order to achieve single diffracted spot as 
shown in Fig.  6c, a tilt error of ~30  µrad was introduced 
after conditions corresponding to example shown in Fig. 6b 
have been achieved. Figure 6d corresponds to phase-locked 
condition but with introduction of piston error of π after 
conditions corresponding to the example shown in Fig. 6c. 
In this case, one may see that the far-field profiles of the 
diffracted beam mimic that of computed power spectrum of 
full interferogram and may be useful as a visual indicator 
for piston like errors.

To demonstrate that single interferogram alone recorded 
using the reference and diffracted beams cannot distinguish 
in-plane rotation and tip error, two examples of non-phase-
locked TTGA with known in-plane rotation error and in-
plane rotation error corrected by equivalent tip error are 
given in Fig.  6e, f, respectively. The estimated value for 
effective tip from interferogram is ~381 µrad, and this com-
pares well with the estimated in-plane rotation error from 
the recorded far-field spatial profiles of the diffracted and 
reflected beams. It is clear from Fig.  6f that single inter-
ferogram cannot be taken as an indicator for a phase-locked 
gratings. This is visually seen by looking at mismatch 
between the planes of reflection and diffraction in the two 
examples, i.e. Figure  6e, f. The tip error of ~380 µrad is 
estimated from the far-field profile of the reflected beam. 
Phase locking of the TTGA has also been tested in stand-
ard common path Fizeau interferometer configuration 
with added diagnostics for far-field profiles of the refer-
ence, reflected and diffracted beams from TTGA. For laser 
pulse compressor of 50 TW class hybrid Nd:glass laser, a 
large aperture interferometry using highly broadband light 
source shall be carried out along with far-field diagnostics 
using low power monochromatic beam to correct various 
errors in a global optimization in a way that both spatial 
and temporal characteristics of ultrashort pulsed laser beam 
are maintained. Further, correcting errors with a high preci-
sion to all tiled grating assembly shall not be required.

The accuracies in estimating the tip, and tilt errors from 
interferometry are dictated by the accuracies in estimating 
the peak spatial carrier frequencies. The size of full inter-
ferogram used for analysis is kept at 512 × 512 pixels, and 

Fig. 5   Typical experimental setup for estimation and correction of 
various phase errors of the tiled two-grating assembly (TTGA)
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the spatial frequency resolution [fres = (δxN)−1] is ~48 m−1 
for an effective pixel size (δx) of ~40µ m. This corresponds 
to an angular resolution [sin−1(λ fres)] of ~30 µrad, which 
can be improved by, reducing effective pixel size, extrap-
olating the interferogram and with sub-pixel spatial fre-
quency estimation as demonstrated in the present case. The 
piston errors are estimated using line outs at extreme right 

and extreme edge of the first and the second halves of inter-
ferogram in two ways: one by estimating the peak fringe 
locations directly and the other by calibrating the ratio of 
power spectrum at fringe and twice the fringe frequency 
of the product of the two line outs, respectively. In case of 
estimating the peak spatial fringe locations, the accuracy in 
longitudinal piston is estimated to be less than 5% of the 

Fig. 6   Experimentally observed interferogram (I), line outs used to 
retrieve piston error at the extreme right and the extreme left edges 
of the first and the second halves of interferogram (II), far-field dis-
tribution of the diffracted and reflected beams (III), combined com-
puted power spectrum of individual interferograms (IV), and com-
puted power spectra of full interferogram (V) for different conditions 
of TTGA: a with tip, tilt, in-plane rotation and piston errors; Esti-
mated errors (tip,tilt) using interferogram, diffracted (D), reflected 
(R) far-field profile are (106  µrad, 143  µrad), (101  µrad, 133  µrad), 
and (74  µrad, 130  µrad), respectively. Differences in the tip errors 
obtained using the diffracted and reflected spots are attributed to in-

plane rotation; b phase-locked gratings with differential tip, tilt, in-
plane rotation errors less than 10 µrad and piston errors less than 
50 nm; and c phase-locked grating with intentional tilt error of ~30 
µrad after conditions of TTGA shown in b are achieved to obtain 
single diffracted spot as depicted in the left side of sub-figure (II); d 
phase-locked gratings with piston error of π after conditions of TTGA 
shown in c are achieved; e Non-phased gratings with in-plane rota-
tion error of 381 µrad to achieve near single reflected spot; and f Non-
phased gratings with tip error of 300 µrad compensated with in-plane 
rotation to achieve near single diffracted spot. Power spectra shown 
are not to scale
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wavelength and is governed by the accuracy to which fringe 
peak location is estimated relative to extent of one fringe 
and is self-calibrating as the extent of one fringe being 
equal to laser wavelength. Next, the angular accuracies in 
far-field profiles of the diffracted and reflected beams from 
the TTGA are estimated to ~5 µrad for one CCD pixel and 
using a convex lens with focal length of 1.5  m. Coupled 
with sub-pixel centroid detection and analyzing far-field 
profile of the two spots separated by tip angle, the actuator-
limited differential angular errors of ~1 µrad (correspond-
ing to ~50 nm over full grating aperture), which is smaller 
than diffraction-limited angular accuracies of ~16 µrad. 
Such accuracies are sufficient to achieve a single-diffracted 
focal spot for laser beams with natural beam divergence of 
~10 µrad either in the case of using tiled grating assem-
blies, e.g. POLARIS (10–11) in Germany, OMEGA-EP in 
USA (8,17–18) or in the case of using multiple-beam phas-
ing, e.g. PETAL in France (13–15) for high-energy laser 
pulse compression.

Figure 7 shows closed-loop variations of differential tip, 
tilt and piston errors for a TTGA with and without lock-
ing under different environment conditions. It may be noted 
that differential angular errors are locked to within ±5 µrad, 
while the estimated piston was locked below λ/20 (piston 
error is magnified by 50× in Fig. 7 for a clearer visualiza-
tion; λ = 633 nm) using interferometric data as control for 
tip, tilt and piston errors. Estimated piston error does not 
account for the angle of incidence correction given by 
Eq. (4) and is for a fixed unknown value of lateral transla-
tion Δx. Ambiguities in longitudinal Δz and lateral transla-
tion Δx have not been removed in the present case and may 
not be necessary in pulse compression and while maintain-
ing single diffracted focal spot. Next, it may be mentioned 

that lateral translation may affect the ability to focus the 
beam and may lead to generation of temporal satellites due 
to spectral clipping. Relative contribution is governed by 
the pulse compression design and the beam parameters. 
In any case, lateral separation between the tiled gratings 
is kept to be as minimum as possible before precise align-
ment of tiled gratings is attempted using active feedback 
loop. Although the in-plane rotation error is corrected 
using nanometric actuator to desired accuracies, there is 
no active feedback loop for in-plane rotation error in the 
present case. Further, it may be worthy to mention here 
that in-plane rotation actuation is applied to one grating of 
TTGA, while tip/ tilt actuation is applied to other grating 
so as to avoid any cross-talk due to different movements. It 
is observed that in-plane rotation remains stable for meas-
urements carried out over ~1 h. Moreover, smaller in-plane 
error shall not affect the temporal pulse compression, and 
the focal spot intensity distribution is suitably corrected 
with tip error. It may be mentioned that the refresh rate 
(time taken to estimate and correct the error) in an active 
feedback loop depends on several factors, e.g. magnitude of 
the errors to be corrected and the reliability of the actua-
tor, etc. In the present case, tip and tilt errors are corrected 
typically within few seconds, while correcting piston error 
sometimes takes more than a minute. Next, while the piston 
error is corrected in active loop by translating actuator back 
and forth with step much smaller than wavelength, there 
remains some chance that it may cross one fringe due to 
limited reliability of the actuator and movable grating may 
drift in either direction leading to different compression 
lengths but this shall not effect the compressed pulse dura-
tion due to larger compression distances and limited range 
of actuator. Such drifts shall be either controlled using 
fringe visibility of interferogram recorded with highly 
broadband source or using translational limit switches in 
future. In summary, estimating the spatial carrier frequen-
cies and the piston errors from interferogram with a high 
precision is the backbone of the control algorithm. Any 
error in estimating them shall directly affect the phase lock-
ing of the tiled grating assembly. Multiple level intensities 
in thresholds of power spectra combined with padding and 
apodization helps in improving the estimation of the spa-
tial carrier frequencies. Any variation in acquired interfero-
gram due to noise or any other technical issues in image 
acquisition may also lead to inaccurate estimation of spatial 
carrier frequencies and hence error in automatic phase con-
trol of TTGA. Active phase locking is started after initial 
optimization is carried out manually and various parame-
ters, e.g. spatial carrier frequency of the interferogram, are 
suitably chosen.

Fig. 7   Experimentally observed closed-loop variations of differential 
tip, tilt and piston errors for a TTGA without and with active locking. 
Unlocked region is from point A to point C (A to B minimum distur-
bances; B to C with larger disturbances), while locked phase region 
is from point C to point D. Tip and tilt error variations are shifted to 
mark +20 and −20, respectively, and are in µrad; the piston at mark 0 
is multiplied by 50 for a clearer visualization
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4 � Conclusion

In conclusion, experimental studies on a prototype of 
phase locking of tiled gratings assembly for high-energy 
pulse compression have been demonstrated with a worst-
case precision of sub-50 nm in differential piston and sub-
10 µrad in differential tip, tilt, and in-plane rotation errors 
using four control variables derived from simultaneous 
monitoring of far-field laser beam profiles and two-dimen-
sional interferometry. Criticalities in various parameters 
in order to achieve active phase locking of tiled grating 
assembly are discussed with theoretical and experimental 
results. The key to achieve higher accuracies in the tip and 
tilt errors is in the estimation of spatial carrier frequencies 
with higher precision from a single noisy interferogram 
and achieved using multiple-level intensity thresholds of a 
power spectrum of an apodized and padded interferogram. 
Finally, short- and long-term studies on differential tip, tilt 
and piston errors have also been demonstrated over 1 h.
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