Nonlinear formation of holographic
images of obscurations in laser beams
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Computer models are used to simulate the nonlinear formation of images of obscurations in laser beams.
The predictions of the model are found to be in good agreement with measurements conducted in the
nonlinear regime corresponding to a typical solid-state laser operation. In this regime, peak-to-mean
fluence ratios large enough to induce damage in optical components are observed. The amplitude of the
images and their location along the propagation axis are accurately predicted by the simulations. This
indicates that the model is a reliable design tool for specifying component staging and optical specifications to avoid optical damage by this mechanism. © 1997 Optical Society of America
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1. Introduction

In high-peak-power lasers, such as the National Ignition Facility laser,1 nonlinear effects can cause
high-intensity images to be formed downstream from
obscurations in the laser chain.2,3 The peak fluences
of these nonlinear images can reach levels high
enough to damage expensive optical components.
The susceptibility of a laser design to this damage
mechanism can be reduced with accurate computer
models that calculate the intensity and fluence of the
beam at each component in the laser chain. Damage threats to the system can be identified by using
such calculations, and the staging and quality of optical components can be adjusted to reduce the risk of
damage that is due to image formation. We have
modeled the formation of nonlinear images by obscurations resembling contamination or damage sites on
optical components. These calculations have been
compared with experimental measurements in which
obscurations were placed in laser beams with nonlinear properties similar to those of our high-power
solid-state lasers. The computer models are found
to be in excellent agreement with the measurements,
indicating that the models will serve as reliable tools
for predicting the onset of nonlinear image formation
in our designs.
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The mechanism for nonlinear image formation is
the creation of a type of Fresnel zone plate by nonlinear refraction.4,5 The process is illustrated in Fig.
1. The diagram is schematic and does not represent
an actual measured beam. In the figure, an intense
beam propagates through two optical components.
If a small scatterer, such as a speck of dirt or a small
laser-induced damage site, is located on the first component, then illumination of the obscuration produces
a scattered wave. The scattered wave interferes
with the intense incident wave and produces an interference pattern or hologram.6 For a small, round
scatterer, like that shown in the figure, the interference produces a familiar bull’s-eye pattern. The refractive index of the second nonlinear optic includes
intensity-dependent terms. These terms impose the
interference hologram onto the phase front of the
incident beam. The nonlinear phase modulation refracts light from the main beam, creating a conjugate
wave to the original scattered wave.3 The conjugate
wave converges to produce an intense holographic
image of the scatterer downstream. Therefore, the
second element acts like a Fresnel zone plate by focusing some of the incident wave to a bright image at
intensities that may be many times larger than the
initial primary wave. If a third optical component is
located near one of these intense images, it may suffer laser-induced damage.
The amplitude of the converging wave and the
beam’s peak intensity near the conjugate image are
determined by the nonlinear phase shift accumulated in the second element. The nonlinear phase
shift, or B integral, is due to intensity-dependent

Fig. 1. Nonlinear image formation. An incident wave scatters
from an obscuration and interferes with the main beam to produce
an interference pattern. A phase screen is applied by the nonlinear ~intensity-dependent! index of refraction of a second component downstream. The phase screen works like a Fresnel zone
plate to focus light from the main beam on axis.

terms in the index of refraction, which can be written as
n 5 n0 1 gI 1 . . . .

(1)

Here n0 is the unperturbed index, I is the intensity,
and g is the nonlinear coefficient. The B integral,
measured in radians, is given by
B5

2p
gIt,
l

(2)

where l is the vacuum wavelength of the laser light
and t is the thickness of the nonlinear element. Perturbation models of nonlinear imaging3 predict that
the peak-to-mean intensity ratio is approximately
proportional to B2 in the plane of the image. The
peak-to-mean modulation can be even higher in
neighboring regions. Hence, very high intensities
are predicted for the nonlinear image if B is allowed
to assume large values. The damage threat posed
by these images in fusion lasers is reduced by eliminating the high-spatial-frequency components of the
images with spatial filters.7,8
To check the performance of the computer codes
used to model this effect, we conducted a series of
tests that recorded nonlinear images of obscurations
similar to those found on optical components of solidstate laser systems. The tests were designed to

clearly reveal the presence of the nonlinear images by
reducing ~as much as possible! other nonlinear effects. We achieved this by placing a 500-mm spherical obscuration in the path of the incident laser beam
and allowing the beam to propagate through a 1-cmthick sample of carbon disulfide ~CS2!. CS2 was chosen as the nonlinear medium for this experiment
because its nonlinear coefficient, g, is over 100 times
greater than that of glasses typically used in solidstate lasers.9 –11 Large nonlinear phase shifts were
then obtained in the CS2 at modest intensities. The
advantage of running the laser at reduced intensity is
that the beam perturbations produced by nonlinear
refraction in the components of the laser itself were
minimized. So, the primary beam perturbation was
that caused by the passage of the beam around the
obscuration. The most profound difference between
the experimental simulation and real systems is the
distribution of the nonlinear phase pushback, B, in
the optical medium. In actual systems, the B integral is distributed among several components whose
thicknesses may be greater than that of the experimental sample considered here. Distributing the B
integral through a bulk medium generally degrades
the imaging effect because the interference hologram
changes during the propagation through the medium. Fortunately, the threat of damage to optical
components in real systems is reduced by this effect.
The results of our experiments were compared with
numerical calculations. Similar comparisons have
previously been reported that used one-dimensional
geometries ~a thin wire suspended in the beam!.12
The results reported here extend the analysis to include two-dimensional methods. Many real optical
scatterers such as dirt or damage sites do not readily
lend themselves to one-dimensional models. With B
integrals equal to those seen in our systems, the
500-mm scatterer was found to produce nonlinear images with peak fluences up to ten times greater than
the background beam. The computer simulations
were found to be in good agreement with observed
fluence distributions. This leads us to three conclusions. First, the computer models reliably predict
the onset of nonlinear image formation and can be
used to benchmark and evaluate hypothetical laser
systems during the design phase. Second, highnonlinear-index materials such as CS2 are useful for
generating large nonlinear effects at low power.
This technique facilitates a comparison with modeling because measurements then clearly reveal nonlinear effects occurring in a single well-characterized
subsystem. The measurements may be conducted
at a reduced power whereby other nonlinear effects
minimally influence the quality of the beam.
Finally, we have provided an independent confirmation that supports existing measurements of the
nonlinear coefficient, g, in CS2. The most direct extant measurements of g, using interferometry, were
accurate to within 25%. We obtain a favorable
agreement between our modeling and experiments by
assuming a value of g that is 7% below the interferometrically measured value.
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Fig. 2. Experimental arrangement for recording high-intensity
images formed by nonlinear refraction.

2. Experimental Apparatus and Analysis

The experiments were conducted on the Optical Science Laser,13 a 100-J Nd:glass laser. For the experimental tests, 1-ns quasi-Gaussian temporal pulses
with mean fluences between 0.3 and 1.0 Jycm2 were
propagated. This range of fluences was chosen to produce phase pushbacks comparable with those seen between spatial filters on typical solid-state lasers. The
spatial profile was nominally circular, with a diameter
of 2 cm.
Figure 2 shows the experimental arrangement
used for the self-focusing experiments. The beam
was incident upon a 500-mm spherical ball suspended
by thin, 12.5-mm-diameter diagonal wires. The
beam then passed through a 1-cm cell of CS2 sandwiched between two 1-cm-thick windows of fused silica located 94.3 cm downstream of the ball. The
spatial profile of the beam was recorded by two
charge-coupled device ~CCD! cameras positioned to
image a plane 86.7 cm behind the back surface of the
cell. This plane was experimentally determined to
be the location of a high-intensity image. The CCD
cameras were Cohu 4810-series monochrome frametransfer units, with the images acquired by BigSky
framegrabbers. The framegrabbers were adjusted
to indicate saturation at a signal level below the actual saturation signal of the camera. Linearity of
the CCD signals was demonstrated by using the cameras as calorimeters. An image of the fluence distribution in a beam was recorded by one of the cameras,
and the energy in the beam was measured with an
absorbing glass calorimeter. The sum of the counts
over the entire CCD image tracked the calorimetrically measured energy to within 2% for exposure levels up to the saturation level imposed by the
framegrabber.
One CCD camera recorded a 1:1 image of the central 6-mm-diameter region of the beam containing
the high-intensity image. The other produced a 2:1
demagnified image of the whole beam. A similarly
demagnified image of the input beam was also obtained in a plane located upstream of the obscuration.
Incident energy was measured with an absorbing
glass calorimeter, and the temporal waveform of the
pulse was recorded with a Hamamatsu diode, Tektronix SDC5000 oscilloscope and by a streak camera.
PROP92,14,15 the computer code used for the calcula9344
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tions, employs a split-operator method16 applied to
the paraxial equation for beam propagation. Pure
propagation proceeds by expanding the electric field
in an angular spectrum of plane waves by the use of
fast-Fourier-transform methods and multiplying
each spectral component by an exponential propagator.17 Nonlinear refraction was handled by applying
an intensity-dependent phase in the near field, where
gain and loss terms are also applied. The problem
was solved in its entirety by a sequence of numerical
steps alternating between pure propagation and refraction. The modeling is carried out in two spatial
dimensions and one temporal dimension. As a way
to initiate the calculation, the incident field was constructed from the measured beam profile at the plane
of the scatterer. The field was represented on a twodimensional grid transverse to the direction of propagation for a series of time intervals of varying
lengths that spanned the duration of the temporal
pulse. The individual time slices were then propagated independently and the resulting spatial intensity profiles were integrated numerically to produce a
two-dimensional fluence distribution at the output.
The model can thus imitate the integrative effects of
laboratory diagnostic devices or provide timeresolved information of the temporal evolution of the
pulse.
Some freedom exists in adjusting the input parameters of the model for comparisons with the experiment. For the simulations conducted here, a 1-cm2
subregion of the beam was propagated by using a
512 3 512 calculational grid for a spatial resolution of
19.5 mm. This is comparable with the 23 3 27 mm
pixel size of the CCD array. For validation of the
choice of grid size, the model was compared with
calculations conducted on a 1024 3 1024 grid, with
which it was found to agree. Thirty-seven time
slices were sufficient to fit the temporal shape of the
pulse. The obscuration itself was treated as a perfectly absorbing 500-mm-diameter disk, with the
edges smoothed to prevent a Gibbs phenomenon. If
the edges are not smoothed, the absorbing obscuration produces a discontinuity in the field at the perimeter of the scatterer. A numerical artifact of the
discontinuity is an overshoot, or ringing, when the
field is Fourier transformed for propagation.
Smoothing the edges prevents this discontinuity in
the field. The CS2 sample was modeled as ten contiguous slices, each with a thickness of 1 mm. We
used a value of 3.0 3 1025 cm2yGW for the nonlinear
coefficient, g, of CS2. This agrees with the direct
interferometric measurement to within 7%.9 –11
3. Results

Figure 3 shows a typical measured image of the central 6-mm-diameter region of the beam recorded 86.7
cm downstream from the CS2 sample. The spatially
averaged incident fluence for this shot was 0.603 6
0.006 Jycm2, and the nonlinear phase pushback
through the sample was calculated from Eq. ~2! to be
1.08 rad. The image of the obscuration is clearly
visible in the center of the beam. Also visible are the

Fig. 3. CCD image of a high-intensity image formed by nonlinear
refraction. The nonlinear phase pushback, B, for this shot is 1.08
rad.

shallow diffraction ripples caused by the 12.5-mmdiameter suspending wires and the 6-mm aperture
that preceded the CCD camera. The low-spatialfrequency ring structure surrounding the image is
caused by diffraction around the scatterer and is independent of the incident beam pattern.
A comparison of the experimental data and the
calculation is shown in Fig. 4. The solid curve is a
vertical cut through the central peak of the measured
fluence profile shown in Fig. 3. The dashed curve is
a similar line-out from the computer simulation.
The essential features of the experimental image are
well reproduced by the simulation. A peak fluence of
2.51 Jycm2 was predicted by the model, approximately
2% above the measured value of 2.44 6 0.07 Jycm2 and
within the uncertainty of the measurement. The ratio of peak-to-mean fluence was measured to be approximately 4.2:1 from the experimental image.
The damage threat presented to optical components by the bright image is even higher than this
suggests, however. The modulation that is due to
the nonlinear image evolves during the pulse and is

Fig. 4. Vertical line-outs through fluence distribution for calculated ~dashed curve! and measured ~solid curve! high-intensity
images. The nonlinear phase pushback was 1.08 rad.

Fig. 5. Vertical line-outs through fluence distribution for calculated ~dashed curve! and measured ~solid curve! high-intensity
images. The nonlinear phase pushback was 1.74 rad.

maximum when the B integral is highest. For a
system with no saturating laser amplifiers, as is considered here, the maximum B integral occurs at the
peak irradiance of the pulse. The experimental
CCD image and the calculated fluence distribution
generally underestimate the maximum peak-to-mean
modulation because they are time integrated over the
duration of the pulse. Although the experimental diagnostic ~CCD array! does not give us time-resolved
information of the evolution of the high-intensity image during the passage of the pulse, we can infer that
information from the numerical simulation. For this
shot, calculations predict an intensity of 3.39 GWycm2
at the peak of the temporal pulse, with a peak-to-mean
intensity ratio of 5.8:1; this is 38% higher than that of
the fluence distribution.
Good agreement between the simulation and experiment was obtained at all intensities studied in
the test series. Figure 5 shows the experimental
and calculated spatial profile line-outs for a shot with
a B integral of 1.74 rad. This was the highest intensity shot in the series. The measured peak fluence of
this shot was 9.1 6 0.3 Jycm2, and the peak-to-mean
fluence ratio was 9.8:1.
The experimental measurement records the spatial
profile of the beam in a single plane perpendicular to
the propagation axis, but the computer simulation
lets us infer the behavior of the beam along the entire
propagation path. In Fig. 6 we show the peak amplitude of the nonlinear image as a function of propagation distance calculated for the shot shown in
Figs. 3 and 4. The plane corresponding to the location of the CCD camera in the experiment is indicated. For this experiment, the CCD diagnostic
imaged a plane where the peak fluence reached a
local maximum, 86.7 cm downstream from the CS2
sample. This plane was empirically determined to
be a location of high-amplitude image formation.
The calculation predicts the existence of a second
plane experiencing bright fluence approximately 12
cm downstream from the first. The spatial profile of
the beam at this location was not recorded during the
20 December 1997 y Vol. 36, No. 36 y APPLIED OPTICS

9345

Fig. 6. Calculated variation of the peak fluence of a nonlinear
image with propagation distance from the rear of the nonlinear
sample. The location of CCD camera in the experimental measurement is indicated.

experiment. Between these two planes the amplitude of the nonlinear image has a local minimum.
The holographic image of the scatterer is produced
with the most clarity at this location, which is known
as the conjugate image plane. The conjugate plane
is located 94 –95 cm downstream from the back of the
CS2 cell, the same distance as from the scatterer to
the front of the cell. Thus the nonlinear element is
symmetrically located between the scatterer and its
nonlinear image. The beam profile was not measured at the conjugate plane because the high-fluence
regions on either side are of greater relevance to the
issue of optical damage.
We identify the two peaks along the beam path in
Fig. 6 with Fresnel diffraction near the conjugate
image plane. The profile of the beam in the conjugate plane is shown in Fig. 7. At this location, the
clarity of the image is greatest in the sense that the
fluence over the 500-mm region mapping onto the
obscuration is most uniform and the edges of the
image are sharpest. Therefore, in the conjugate
plane, the field near the center of the beam resembles

Fig. 8. Variation of the peak fluence of a nonlinear image with
respect to the nonlinear phase pushback B. Points represent experimental data and the solid curve is the result of a numerical
calculation.

a circle function of 500 mm in diameter. The fluence
maxima are analogous to the single bright spot
formed downstream when a flat beam illuminates a
screen with a circular aperture. In Fig. 6, two peaks
are present because there is a converging refracted
wave upstream and a diverging wave downstream of
the focal plane. For a scatterer of radius a, the
bright peaks are located a distance a2yl on either side
of the conjugate plane.
Finally, we have examined the hot spot’s dependence on input drive. Figure 8 shows the peak fluence of the image as a function of the nonlinear phase
pushback B through the CS2 sample. The solid
curve represents nonlinear image amplitudes calculated by using a representative input spatial profile
and pulse shape ~that of the pulse shown in Figs.
3– 6!. In the calculation the mean input fluence was
varied between 0.1 and 1.2 Jycm2, giving a range of
nonlinear phase pushbacks B between 0 and 2 rad.
This is approximately the range of B integrals between spatial filters experienced on high-power solidstate lasers. The points are measured shot data
taken with the image plane of the CCD camera fixed
at a distance of 86.7 cm behind the CS2 sample. The
predictions of the computer simulations are in good
agreement with the experiment for all values of B.
For B integrals greater than 2 rad, the calculations
predict nonlinear image amplitudes greater than 10
Jycm2 and peak-to-average fluence ratios of greater
than 10:1.
4. Summary

Fig. 7. Vertical line-out through the calculated fluence distribution of a high-intensity image in an image plane where object and
image distances are equal.
9346

APPLIED OPTICS y Vol. 36, No. 36 y 20 December 1997

Using laser propagation codes in two spatial dimensions and one temporal dimension, we have simulated the formation of nonlinear images of
obscurations by nonlinear refraction in lasers. A
comparison with experimental data shows that we
can accurately predict the shape, amplitude, and location of these nonlinear images. The results of the
analysis indicate that circular obscurations of 500 mm
in diameter are capable of producing images with
amplitudes up to ten times greater than the mean

background fluence of the beam. These values are
observed with nonlinear phase pushbacks comparable with those between spatial filters in high-power
solid-state lasers. This indicates that the phenomenon may produce peak fluences that are damaging
to expensive optical components even when the background beam is at a nominally safe value.
The success of the calculations ensures that the
computer modeling will be a reliable tool for designing future lasers to avoid this dangerous phenomenon. The simulations are capable of identifying
planes in the propagation path where high-amplitude
image formation is liable to occur, alerting us to avoid
locating vulnerable optical components there. With
the computer codes we will also be able to investigate
the effect of obscuration size on image formation.
This will allow us to better estimate the damage
threat in terms of the maximum allowable defect size.
Because the quality of the optics directly determines
their production cost, this information will allow us to
better balance safety margin against damage with
overall system cost.
The agreement between the experiment and modeling also confirms the usefulness of employing highnonlinear-index materials, such as CS2, to measure
nonlinear phenomena experimentally. The technique is convenient when a quantitative comparison
with a computer simulation is desired. The large
nonlinear response of the experimental sample permits nonlinear effects to be observed at a relatively
low power, where a high beam quality is more easily
maintained. This also isolates the nonlinear influences on the beam to a single experimental sample
whose properties can be well characterized, thus simplifying the model.
Finally, our results confirm previous measurements of the nonlinear coefficient g of CS2. Direct
interferometric measurements have determined g to
within an uncertainty of 625%. In our study the
most favorable agreement between the measurement
and simulation occurred by using a value within 7%
of the experimentally measured value.
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