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Introduction 
Knowledge of the laser focus is an essential part of accu-
rately controlling and interpreting target experiments using 
petawatt-class lasers.1–9 Large-scale lasers present significant 
challenges for the development of focal-spot diagnostics. Their 
focal spots can be highly structured due to the complexity of 
systems containing hundreds of optical surfaces. Furthermore, 
high-energy petawatt lasers typically require adaptive and tiled 
optics that must be configured correctly for a successful target 
shot.10–12 Focal-spot characterization on each full-energy 
shot is a necessity and the only way to capture effects such as 
thermally induced aberrations in the amplifiers.

Depending on the target experiment, the quantity of interest 
may range from the focal-spot width to an analysis of encircled 
energy at a given plane, to a full characterization of the focal 
volume along an extended interaction region. Direct measure-
ment of the focus at full energy without interfering with the 
target experiment is impractical, if not impossible, due to the 
extreme intensities at focus. One option is to precharacter-
ize the near-field wavefront after propagation through focus, 
from which the focal volume is obtained using a diffraction 
calculation.13 This article demonstrates a simplified near-field 
approach that does not rely on wavefront sensing in the target 
chamber and is therefore more suited to the complexity of 
high-energy petawatt lasers. Results are reported for an on-shot 
focal-spot diagnostic (FSD) for OMEGA EP, a high-energy 
petawatt-class laser that was recently activated at LLE.1 The fol-
lowing three sections describe (1) the FSD, (2) the experiments 
used to qualify the FSD by comparison to direct measurement 
at low energy, and (3) results for high-energy target shots.

Diagnostic Concept and Design
1. Focal-Spot Diagnostic (FSD)

The FSD characterizes full-energy shots using high-
resolution measurements of the near-field wavefront and 
fluence. The time-integrated focal spot at the target is calcu-
lated numerically from these measurements using standard 
diffraction theory.14 Direct measurements of the full beam 
without interfering with the target shot are not practical due 
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to its high energy (up to 2.6 kJ on target) and large size (400 # 
400 mm2). The FSD, like the other on-shot laser diagnostics, 
measures a lower-energy sample of the main beam that is 
attenuated and down-collimated to a more convenient beam 
size (12 # 12 mm2). Careful calibration is necessary to ensure 
that measurements made on the sample beam reflect the main 
beam at focus. Therefore, a critical part of the FSD is the 
cross-calibration of the wavefront sensor measurements to a 
reference surface centered on the target location, from which 
the optical fields are numerically propagated.

Figure 115.20 shows a schematic of one of the short-pulse 
beamlines in OMEGA EP, necessary for understanding how 
the FSD was implemented and qualified. The front end of the 
laser system uses an optical parametric chirped-pulse amplifier 
(OPCPA) to produce stretched pulses (250 mJ, square 8-nm 
spectrum, 5 Hz).15 For target shots, these pulses are amplified 
using a multipass Nd:glass amplifier. A tiled-grating compres-
sor (three tiles per grating, four gratings) is used to compress the 
pulses. A deformable mirror corrects compressor aberrations 
and pre-corrects aberrations in the transport and the off-axis 
parabolic (OAP) focusing mirror ( f = 1.046 m, f/2). A diagnostic 
pickoff mirror reflects 99% of the compressed pulse energy 
toward the target chamber as the main beam and transmits the 
remainder as a sample beam for the laser diagnostics package. 
The wavefront sensor (WFS) used by the FSD for each com-
pressor is one of more than a dozen laser diagnostics used to 
characterize the on-shot beam. 

The WFS chosen for OMEGA EP is a Shack–Hartmann 
sensor,16 which is positioned at an image plane conjugate to the 
fourth compressor grating. It has a 133 # 133-lenslet array with 
a 14 # 14-mm2 charge-coupled-device (CCD) sensor.17 A local 
wavefront gradient as high as 15 mrad can be measured. The 
accuracy of the defocus term was measured to be better than 
0.01 waves at 1.053 nm, and the relative error in astigmatism 
was less than 2%. The accuracy of measuring higher-order 
aberrations was studied using sinusoidal phase plates (one-
wave peak-to-valley). Wavefront measurements up to 25% of 
the maximum spatial frequency were confirmed to have less 
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than 1% discrepancy with interferometric measurements of the 
phase plates. Measurements at higher spatial frequencies were 
limited by the maximum slope capability of the WFS.

The FSD must be calibrated to numerically transfer the sam-
ple-beam measurement at the sensor to a spherical reference 
surface in the target chamber that is centered on the intended 
focal-spot location. One part of this calibration is to precisely 
measure the amount of demagnification during the four down-
collimation and imaging stages from the diagnostic mirror to 
the WFS. Another part is to measure the difference between 
(a) sample-beam aberrations that are artifacts in the on-shot 
measurement that must be subtracted and (b) aberrations in 
the main beam path that are after the diagnostic mirror and so 
must be added to the on-shot measurement. This difference, the 

transfer wavefront (DWtrans), is applied to correct the on-shot 
measurement before calculating the focal spot.

The transfer wavefront is measured by using two separate 
laser sources to probe the back end of the laser system, as shown 
in Fig. 115.21. The sample path from the WFS to an actuated 
compressor alignment mirror (CAM) and back is characterized 
using a laser source that is included in the diagnostics. The 
measured wavefront is 

 2 ,W W WS S1 0= +  (1)

where WS0 is the measured source wavefront and WS is the 
single-pass aberration in the sample path to the CAM. The 
path from the target focus back to the WFS is characterized 

Figure 115.20
Overview of OMEGA EP, showing the relative location of the main laser beam and the sample beam used by diagnostics for on-shot measurement of the laser 
properties. The focal-spot diagnostic wavefront sensor is one of many laser diagnostics that characterize the sample beam.

Figure 115.21
Schematic showing probe lasers used to calibrate the FSD.
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using a back-propagating point source positioned at the desired 
focal-spot location. On OMEGA EP, the parabola alignment 
diagnostic (PAD) provides this point source. The measured 
wavefront is

 ,W T W W WM M S2
1

0= + +-
_ i  (2)

where WM0 is the measured point-source wavefront and WM 
represents the main-path aberrations to the CAM. The inverse 
transformation T –1(…) may be necessary to account for geo-
metric distortion T produced by the focusing element, such as 
that due to low-f-number OAP’s.18 The transfer wavefront is 
given by

 .W W W W W W T WM S S M1 2 0
1

0trans - - -D = = + -
_ i  (3)

Results from the transfer wavefront measurement for the 
OMEGA target chamber are shown in Fig. 115.22.

In principle, other approaches could be used to measure 
DWtrans. For example, one could use a single laser source and 
add a second WFS to measure the wavefront of the converging 
beam directly in the target chamber.13 In this case additional 
steps would be needed to ensure that the resulting measure-
ments were correctly scaled and registered before calculating 
DWtrans. With this single WFS approach, W1 and W2 are auto-
matically registered in transverse alignment and in the image 
plane that is conjugate to the sensor. Furthermore, for a system 
as complex as OMEGA EP, it is simpler to produce a backward-
propagating point source inside a target chamber than it is to 
provide accurate, high-resolution wavefront measurements of 
a forward-propagating, focusing probe beam.

After a shot, the field measured at the wavefront sensor is 
calibrated to a spherical reference surface centered on the target 
location by adding DWtrans. This field is numerically propagated 
to the target plane. If the f number of the OAP exceeds unity, 
a scalar field approximation is sufficient18 and the diffraction 
calculation reduces to a two-dimensional Fourier transforma-
tion. One advantage of this field-based approach is that the 
irradiance can be calculated at any plane relative to the target 
by changing the diffraction calculation. Once the irradiance 
is calculated, it is straightforward to calculate the encircled 
energy as a function of radius.

One limitation of this approach is that it is strictly valid 
only if there is no chromatic variation of the transfer or on-shot 
wavefronts. The wavefront reported by a Shack–Hartmann sen-
sor is a spectrally weighted average. Effects such as longitudi-
nal chromatic aberration that has not been fully compensated19 
or angular dispersion from stretcher or compressor misalign-
ment,12 once quantified using independent techniques, can be 
included in the post-shot calculation.20 

2. Focal-Spot Microscope for Direct Measurement  
at Low Energies
A custom focal-spot microscope (FSM) was built to validate 

the accuracy of the FSD. It provides a direct measurement of 
the focus in the OMEGA target chamber with spatial resolution 
of 0.36 nm per pixel and sufficient dynamic range to capture 
the diffuse low-intensity spray around the main focal spot that, 
when integrated, can represent a significant fraction of the total 
energy. Although not able to be used on a full-energy shot, the 
FSM has enough internal attenuation (6.0 OD) to safely mea-
sure focused pulses produced by the OMEGA EP front end, 

Figure 115.22
Measured transfer wavefront (in units of waves) obtained using two probe sources. (a) W1, with the target chamber source (PAD), (b) W2, with the diagnos-
tic package source, and (c) DWtrans, transfer wavefront after source errors have been subtracted and a Legendre modal fit has been used to extrapolate to an 
extended pupil region.
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with sufficient energy available after the diagnostic mirror for 
the FSD WFS to make a simultaneous measurement.

Figure 115.23 shows a schematic of the FSM that was installed 
in the OMEGA target chamber, using the ten-inch manipulator 
(TIM) that opposed the OAP. The microscope objective was 
optimized for near-infrared (10#, N.A. = 0.26, f = 20 mm), with 
a damage threshold of 20 mJ/cm2 and a long working distance 
(30 mm), making it suitable for laser focus characterization. 
When combined with the 660-mm-focal-length tube lens, the 
total magnification of the system was 33#. Between the objective 
and tube lens were a wedged vacuum window, a pair of neutral-
density filters with a total optical density (OD) of 4.0, and a beam 
splitter at 45° that was also made from neutral-density filter glass 
(2.0 OD). The scientific-grade camera used a one-megapixel, 
front-illuminated CCD chip cooled to –20°C, giving a read-noise 
limited dynamic range of 14.5 bits. The entire FSM was con-
tained in an air bubble to permit its use with the target chamber 
at vacuum. Care was taken with internal surface preparations and 
baffling to minimize stray light and scattering within the FSM 
that could reduce the instrument’s dynamic range.

The FSM was aligned to the intended focus location using 
the same techniques as used with the PAD point source. First, 
a reflective sphere was aligned precisely so that it was centered 
on the desired focal-spot location. Then, a collimated fiber-fed 
beam at 1053 nm was focused by the FSM objective onto the 
surface of the sphere. The FSM position was adjusted so that 
the focusing beam was normal to the sphere surface, at which 
point the FSM focal plane was coincident with the intended 
focus location. Under these conditions light reflected back off 

the sphere into the FSM appears tightly focused at the CCD. 
Coarse positioning was done using the TIM; fine positioning 
was achieved using the piezo and mechanical actuators of a 
motion-control system. 

FSD Qualification Results
The focal-spot diagnostic was qualified using a sequence of 

experiments designed to compare measurements made by the 
FSD and FSM. The laser source for these experiments was the 
front-end system for OMEGA EP after propagation through the 
entire beamline and compression chamber into the OMEGA 
target chamber. Gain narrowing by the Nd:glass amplifiers 
during a full-energy shot reduces the square 8-nm spectrum to 
a 3.3-nm-wide Gaussian-like spectrum. Therefore, the impact 
of any chromatic aberrations and angular dispersion on the 
focal spot, which could in principle be present during a shot, 
would have been exaggerated during these low-energy tests. 
Wave-plate throttles were set so that 400 nJ of the 100-mJ front 
end were focused in the target chamber. This provided enough 
energy per pulse for the FSD wavefront sensor after transmis-
sion through the diagnostic mirror (0.5%) and yet was not too 
high for the FSM due to its internal attenuation (6.0 OD). Data 
acquisition by the FSD and FSM was synchronized so that each 
measurement represented the same OPCPA pulse.

Figure 115.24 shows an example of data measured by the 
FSD wavefront sensor. The raw 2-K # 2-K image contains 
Shack–Hartmann spots formed by the 133 # 133-lenslet array, 
from which is calculated both the wavefront and fluence at 
the input to the wavefront sensor. The image plane for this 
sensor is the last of the four tiled-grating assemblies inside 

Figure 115.23
Focal-spot microscope (FSM) used for 
direct, low-energy measurements of the 
OMEGA EP focal spot in the OMEGA 
target chamber.
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the compressor. The gaps between grating tiles are apodized 
within the main beamline to minimize diffraction effects that 
would otherwise result from each tile edge. As a result, the 
OPCPA beam is divided into three sub-beams, each of which is 
reduced separately. Separate measurements of the tiled-grating 
compressor were made to ensure the gratings were correctly 

aligned and tiled;12 therefore it was assumed that there was no 
significant residual angular dispersion or differential piston 
error between the tiles.

Figure 115.25 shows a direct comparison of a focal spot 
measured indirectly by the FSD and directly by the FSM, 

Figure 115.24
FSD measurements using the OPCPA front end. (a) Raw Shack–Hartmann image with inset showing the spots formed by each lenslet, (b) fluence (normalized), 
(c) wavefront (in units of waves).

Figure 115.25
Same-shot measurements of focal spot by 
the FSD and FSM. (a),(b) Linear scale plots; 
(c),(d) logarithmic scale plots. Circles contain 
80% of the energy.
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on both linear and logarithmic scales. The FSD results were 
calculated using the transfer wavefront shown in Fig. 115.22(c) 
and the OPCPA measurements in Fig. 115.24. Agreement is 
reasonable, on both linear and logarithmic scales. The only 
fitting parameter used when calculating the FSD image was 
25 nm of defocus between the PAD position used when measur-
ing DWtrans and the FSM focal plane. This is reasonable given 
the precision of setting the axial position of one TIM-based 
diagnostic relative to another. The encircled energy curves 
calculated for both measurements are in good agreement up to 
the 70% encircled energy radius (see Fig. 115.26). Beyond this, 
FSD encircled energy values are larger than those measured 
by the FSM for the same radius by up to 4%. This trend has 
been seen consistently in a number of our experiments, both 
on OMEGA EP and smaller-scale test beds using continuous-
wave sources.19 Possible explanations include optical scatter-
ing from the FSM optics and within the CCD chip that could 
scatter light from the main spot, thereby reducing the inferred 
measurement of encircled energy at a given radius. Alterna-
tively, the finite spatial resolution of the FSD wavefront sensor 
(133 # 133 lenslets) will not capture high spatial frequencies 
present in the wavefront to some degree, and these frequencies 
may contribute significantly to scattering to regions far from 
the main spot.
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Figure 115.26
Encircled energy curves derived from Fig. 115.25.

To further test the validity of FSD measurements, we used 
a deformable mirror to severely distort the focal spot. The FSD 
and FSM measurements for distorted focal spots are shown 
in Figs. 115.27 and 115.28. Again, agreement is reasonably 
good, even down to four orders of magnitude below the maxi-
mum fluence.

Figure 115.27
Comparison of FSD and FSM measurements for strongly aberrated focal spots 
(logarithmic scale). Circles contain 80% of the energy.

Figure 115.28
Encircled energy curves for the strongly aberrated focal spots shown in 
Fig. 115.27.
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Figure 115.29
(a) On-shot fluence (normalized) and (b) wavefront (in units of waves), calibrated by adding DWtrans.

Figure 115.30
On-shot focal volume for a 10-ps, 440-J OMEGA EP target 
shot to the OMEGA chamber. Images show the focal spot 
at different planes, plotted on a logarithmic scale.

FSD Results for High-Energy Shots
A series of high-energy OMEGA EP target shots were taken 

in April 2008 to qualify the new laser system. Included in this 
qualification was an on-shot measurement by the FSD of the 
focal spot at the target. The following figures show results for 
one of the target shots (#3053), which was a 10-ps, 440-J shot 
to a planar target in the OMEGA target chamber.

Figure 115.29 shows the FSD measurement of the calibrated 
fluence and wavefront (i.e., after DWtrans was added). The diag-
nostic showed that there were +3.3 waves of astigmatism and 

defocus due in part to thermally induced aberrations within the 
amplifiers. This type of on-shot information makes it possible 
to further improve the system, for example, by adjusting OAP 
alignment or optimizing the beamline adaptive optics system. 
The corresponding focal spot is shown in Fig. 115.30, in the 
form of a transverse scan through the focal volume along the 
axial direction of the beam, obtained by numerically propa-
gating the field to each plane. The flexibility of this approach 
makes it possible to calculate the focal spot at an arbitrary 
plane. For example, the target for this shot was a Au-coated 
plastic (500 # 500 # 10 nm3) set at 45° to the beam, so the 
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focal spot on the target surface can be obtained despite the 
oblique angle of incidence. Figure 115.31 shows the focal spot 
on a logarithmic scale along with the corresponding encircled 
energy curve.

E16894JRC

y 
(n

m
)

100

0

200

–100

–200

E
nc

ir
cl

ed
 e

ne
rg

y

0.8

0.6

0.4

0.2

0.0

1.0

0
x (nm)

100 200–100–200

40
Radius (nm)

60 80200

0

–1

–2

–3

–4

(a)

(b)

R80 = 32.5 nm

R60 = 24.7 nm

R40 = 19.9 nm

R20 = 12.7 nm

lo
g 1

0 
(n

or
m

al
iz

ed
 �

ue
nc

e)

Figure 115.31
(a) Focal spot normalized fluence (logarithmic scale) and (b) encircled energy 
for a 10-ps, 440-J target shot.

Conclusions
A new focal-spot diagnostic suitable for characterizing 

high-energy petawatt-class lasers at full energy has been 
presented. The diagnostic was developed and demonstrated 
at LLE and is currently deployed as a facility laser diagnostic 
on the OMEGA EP Laser System. Accurate measurements at 
full energy are made using high-resolution wavefront sensing 
in combination with techniques to calibrate on-shot measure-
ments made on a low-energy sample beam. The diagnostic was 

validated at low energy using a custom focal-spot microscope 
to directly measure the focus in the target chamber. Measure-
ments at full energy are also shown for 10-ps, 450-J target shots 
taken as part of the campaign to activate OMEGA EP to the 
OMEGA target chamber.
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