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Based on the diffraction theory model for hot-image formation, the evolution of hot-images induced by multi-

scatterers located in the same plane perpendicular to the propagation axis is numerically simulated. The simulation

results show that hot-images induced by coplanar multi-scatterers are also coplanar no matter whether they exist

simultaneously or severally. However, if they exist simultaneously the peak intensity of the primary hot-images is weaker

than if they exist severally. The unequal competition for energy between the scattered beams from the scatterers leads

to the fact that part of the corresponding hot-images are relatively enhanced and the others are restrained. The results

show that the hot-images of certain scatterers become stronger when any of these parameters, i.e. amplitude modulation

coefficient, phase modulation coefficient and size of the surrounding scatterer, decrease.

Keywords: hot-image, small-scale self-focusing, optical damage, scatterer

PACC: 4265J

1. Introduction

The hot-image effect in high-power laser systems

is a special small-scale self-focusing effect. It can dam-

age not only nonlinear mediums in the systems, but

also certain optical components, even if the systems

operate at an intensity level under a typical damage

threshold.[1−3] As one of the key factors restricting the

performance and the output power of high-power laser

systems, the hot-image effect has aroused widespread

interest from the high-power laser community for a

long time. A lot of research has been done on the evo-

lution of hot-images induced by a single scatterer,[1−9]

but so far little work has been done on those induced

by multi-scatterers, such as contamination, dust, op-

tical component defects, etc. The inertial confinement

fusion (ICF) laser driver system is a huge and compli-

cated system, in which there exists usually more than

one scatterer. Once some kinds of conditions are sat-

isfied, each scatterer can induce hot-images. Thus, it

is even more useful to investigate hot-images induced

by multi-scatterers.

In the formation of hot-images induced by multi-

scatterers, it is also necessary to know whether the

surrounding scatterers have an influence on the hot-

image effect induced by a certain scatterer and, if so,

how they exert an influence on it when some parame-

ters of the surrounding scatterers are changed. In the

present paper we numerically investigate the evolu-

tion of hot-images induced by multi-scatterers located

in the same plane perpendicular to the propagation

axis and the influence of the scatterer parameters on

the hot-image.

2. Diffraction theory model for

hot-images induced by multi-

scatterers

The diffraction theory model for hot-images in-

duced by multi-scatterers can be simply described as

follows. As shown in Fig.1, if some small scatter-

ers exist in an optical system including a nonlinear

medium and are irradiated by an intense laser beam,

the scattered beams induced by the scatterers will in-

teract with the original beam in the downstream non-

linear medium and then collect energy from the orig-

inal beam. Therefore the energy distribution of the

laser beam will be changed after propagating through
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Fig.1. Formation mechanism of hot-images induced by

multi-scatterers.

the nonlinear medium, and several corresponding hot-

images with high intensity (several times greater than

that of the original beam) will be generated in cer-

tain downstream planes. Certainly, the propagation

processes of the laser beam in free space and in a non-

linear medium are different, and they can be described

by
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respectively, where ∇2
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, E is the com-

plex amplitude of the laser beam, the z-axis is along

the beam propagating direction, k is the wave number

in free space, k0 is the wave number in the nonlinear

medium, n0 is the refractive index of the nonlinear

medium, γ is the nonlinear index coefficient, α is the

gain coefficient and β is the loss coefficient.

According to the theory of small-scale self-

focusing,[10−12] different spatial frequencies in the

scattered beams correspond to different growth rates

of the frequency spectrum, so different scattered

beams collect different amounts of energy and form

hot-images with different intensities. When several

scatterers exist simultaneously in the optical system,

the same spatial frequencies in different scatterers will

collect energy from the original beam, so that energy

competition may take place in the formation process

of the hot-images. The hot-images induced by some

of the scatterers are restrained because they are in

the inferior position of the energy competition, while

the hot-images induced by the other scatterers may

be relatively strengthened.

3. Hot-images induced by two

scatterers

3.1. Evolution process of hot-images

To start with, we numerically simulate the evolu-

tion process of hot-images induced by two scatterers

located in the same plane perpendicular to the prop-

agation axis. Here the beam propagation process in

free space is treated by using the theory of diffrac-

tion, while that in the nonlinear medium is dealt with

by means of a split-step-Fourier-transform. The area

of the sampling region is taken as 2 cm × 2 cm and

further divided into 1024 × 1024 pixels. The parame-

ters of the nonlinear medium are assumed as follows:

thickness d = 20 cm, refractive index n0 = 1.528,

nonlinear index coefficient γ = 3.153× 10−16 cm2/W,

gain coefficient α = 0.05 cm−1, loss β = 0.04 cm−1.

The input laser beam is assumed to be a Gaussian

beam with wavelength λ = 1.053 µm, peak inten-

sity I0 = 4 GW/cm2, and beam radius ω0 = 0.3 cm.

Both scatterers are considered to be translucent cir-

cular flecks each with radius r = 0.02 cm, amplitude

modulation coefficient τ = 0.8, and phase modulation

coefficient θ = 0.8 π. Their centre coordinates are

given as (0 cm, 0.03 cm) and (0 cm, –0.03 cm), re-

spectively. The distance between the scatterer plane

and the front surface of the nonlinear medium is taken

as 100 cm.

Figures 2 and 3 show the evolution process (after

propagation through the back surface of the nonlinear

medium) of the hot-images induced by both of the two

scatterers and by one of them, respectively. Figure 4

depicts the numerical simulation results of the peak

intensity of the beam at different distances from the

back surface of the nonlinear medium when the two

scatterers separately exist simultaneously and sever-

ally. Figure 5 and 6 reveals the intensity distributions

in the primary and the second-order hot-image plane

respectively. It is obvious that the hot-images (pri-

mary or second order) induced by the two scatterers

also appear in the same plane no matter whether they

exist simultaneously or severally. However, if the two

scatterers exist simultaneously, the peak intensity of

the primary hot-image is weaker than if they exist sev-

erally. The reason for this may be the fact that the

two scattered beams have the same spatial frequen-

cies, and they absorb energy from the original beam

synchronously and compete with each other. So each
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Fig.2. Evolution process of hot-images induced by two scatterers with (a) two dimensions and (b) three dimen-

sions.

Fig.3. Evolution process of a hot-image induced by a sin-

gle scatterer corresponding to one of the two scatterers.

Fig.4. Peak intensities of the beam at different distances

from the back surface of the nonlinear medium when the

two scatterers, separately, exist simultaneously and sever-

ally.

spatial frequency absorbs a smaller amount of energy

than when the scatterer exists severally. Finally the

energy distribution of the primary hot-image induced

by each scatterer is less than that when the scatterer

exists severally.

Fig.5. Intensity distributions of primary hot-images in-

duced by two scatterers separately existing simultaneously

and severally.

Fig.6. Intensity distributions of second-order hot-images

induced by two scatterers separately existing simultane-

ously and severally.

3.2. Influence of scatterer parameters on

hot-images

3.2.1. Phase modulation coefficients of scatter-

ers

According to the theory of nonlinear wave cou-

pling, energy competitions between the scattered
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beams induced by the two scatterers are unequal when

the phase modulation coefficients are different. In

general, one of the hot-images induced by the two

scatterers is relatively enhanced and the other is re-

strained. Figure 7 demonstrates the peak intensities of

the beam at different distances from the back surface

of the nonlinear medium in the case of two scatterers

with different phase modulation coefficients (the other

parameters of the two scatterers are kept unchanged).

Figure 8 gives the corresponding intensity distribu-

tions in the primary hot-image plane. The peak in-

tensity of the primary hot-image, which is induced by

the scatterer with a phase modulation coefficient of

0.8 π, increases with the decrease of the phase mod-

ulation coefficient of the other scatterer. It proves

that the scattered beam with a larger phase mod-

ulation coefficient in the region of (0, π) will stand

in an advantageous point in the energy competition,

and the superiority becomes more evident with the

increase of the difference in phase modulation coeffi-

cient between the two scatterers. Acoording to the

expression about the peak intensity of the hot-image

in a laser system with a single medium in Ref.[2],

I = exp[(β−α)d][1+(1+τ2−2τ cos θ)B2+2τ sin θ]A2,

if τ = 0.8, the peak intensities of the hot-images in

the order of their magnitudes from small to large is

in the sequence of phase modulation coefficients of

0.2 π, 0.4 π, and 0.8 π, that is to say, the scatterer

with a larger phase modulation coefficient possesses

a stronger competitiveness in the energy competition.

So the hot-image of the scatterer with θ = 0.8 π be-

comes weaker when the phase modulation coefficient

of the surrounding scatterer becomes larger.

Fig.7. Peak intensities of the beam at different distances

from the back surface of the nonlinear medium, induced

by two scatterers with different phase modulation coeffi-

cients.

Fig.8. Intensity distributions of primary hot-images in-

duced by two scatterers with different phase modulation

coefficients.

3.2.2. Amplitude modulation coefficients of

scatterers

It was also found that when the amplitude mod-

ulation coefficients of the two scatterers are differ-

ent, the energy competitions between the two corre-

sponding scattered beams are also unequal. One of

the hot-images induced by the two scatterers is rel-

atively enhanced and the other is restrained. Figure

9 shows the peak intensities of the beam at differ-

ent distances from the back surface of the nonlinear

medium in the case of two scatterers with different

amplitude modulation coefficients (the other parame-

ters of the two scatterers are kept unchanged). Figure

10 gives the corresponding intensity distributions in

the primary hot-image plane. The peak intensity of

the primary hot-image, which is induced by the scat-

terer with an amplitude modulation coefficient of 0.8,

increases with the decrease of the amplitude modu-

lation coefficient of the other scatterer. This proves

that the scattered beam with a larger amplitude mod-

ulation coefficient will be in an advantageous posi-

tion in the energy competition and the superiority

becomes more evident with the increase of the differ-

ence in amplitude modulation coefficient between the

two scatterers. According to the expression in Ref.[2],

I = exp[(β−α)d][1+(1+τ2−2τ cos θ)B2+2τ sin θ]A2,

when θ = 0.8 π, the scatterer with a larger amplitude

modulation coefficient absorbs more energy from the

original beam. So if the two scatterers exist simulta-

neously, the scatterer with a larger amplitude modu-

lation coefficient has a stronger competitiveness in the

energy competition.
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Fig.9. Peak intensities of the beam at different distances

from the back surface of the nonlinear medium, induced

by two scatterers with different amplitude modulation co-

efficients.

Fig.10. Intensity distributions of the primary hot-images

induced by two scatterers with different amplitude modu-

lation coefficients.

3.2.3. Sizes of scatterers

If the sizes of the two scatterers are different, the

energy competitions between the scattered beams are

also unequal. One of the hot-images induced by the

two scatterers is relatively strengthened and the other

is restrained. Figure 11 shows the peak intensities of

the beam at different distances from the back surface

of the nonlinear medium in the case of two scatterers

with different sizes (the other parameters of the two

scatterers are kept unchanged). Figure 12 gives the

corresponding intensity distributions in the primary

hot-image plane. The peak intensity of the primary

hot-image, which is induced by the scatterer with a

size of 0.02 cm, increases with the decrease of the size

of the other scatterer. This shows that the scattered

beam from the scatterer with a large size will be in

an advantageous position in the energy competition

and the superiority becomes more obvious with the

increase of difference in size between the two scat-

terers. According to the theory of small-scale self-

focusing,[10−12] the larger scatterer results in a more

serious modulation of the beam and leads to a stronger

hot-image effect. That means that the competitive-

ness of the surrounding scatterers (corresponding to

the scatterer with a size of 0.02 cm) is stronger in the

energy competition when their sizes become larger,

and therefore the hot-image of the scatterer with a

size of 0.02 cm decreases correspondingly.

Fig.11. Peak intensities of the beam at different distances

from the back surface of the nonlinear medium in the case

of two scatterers with different sizes.

Fig.12. Intensity distributions of the primary hot-images

induced by two scatterers with different sizes.

4. Hot-images induced by multi-

scatterers

We have also simulated the evolution process of

hot-images induced by more than two coplanar scat-

terers. It is shown that when several scatterers lo-

cated in the same plane perpendicular to the prop-

agation axis exist simultaneously, the corresponding
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hot-images will be also coplanar and appear simulta-

neously, but the peak intensity of the primary hot-

images is weaker than that of the hot-images induced

by the scatterers existing severally. Figure 13 shows

the front projections of the intensity distributions of

the primary hot-images induced by three coplanar

scatterers. Figure 14 indicates the corresponding in-

tensity distributions in the primary hot-image plane.

Figure 15 gives the front projections of the intensity

distributions of the primary hot-images induced by

five coplanar but noncollinear scatterers. Here the

hot-image effect induced by the scatterer in the centre

is restrained to a certain degree. Figure 16 displays

the front projections of the intensity distributions of

the primary hot-image induced by five coplanar and

collinear scatterers. It is shown that only four bright

spots can be seen because one of the scatterers is in

a disadvantageous position in the energy competition,

so that the evident hot-image cannot be seen clearly

in the corresponding positions.

Fig.13. Front projections of the intensity distributions of

primary hot-images induced by three coplanar scatterers.

Fig.14. Intensity distributions of primary hot-images in-

duced by three coplanar scatterers separately existing si-

multaneously and severally.

Fig.15. Front projections of the intensity distributions

of primary hot-images induced by five coplanar but non-

collinear scatterers.

Fig.16. Front projections of intensity distributions of pri-

mary hot-images induced by five coplanar and collinear

scatterers.

5. Conclusions

We have numerically analysed the evolution of

hot-images induced by multi-scatterers located in the

same plane perpendicular to the propagation axis and

the influence of the scatterer parameters on the hot-

image effects. The numerical simulation results show

that hot-images induced by coplanar multi-scatterers

appear in the same plane no matter whether the

scatterers exist simultaneously or severally. How-

ever, if they exist simultaneously, the peak intensity

of the corresponding primary hot-images is weaker

than when they exist severally. Moreover, the en-

ergy competitions between the scattered beams are

unequal due to the different parameters of the scat-

terers. As a result, part of the hot-images are rel-

atively enhanced and others restrained. The results

indicate that the competitiveness of the surrounding

scatterers decreases in the energy competition when



1890 Peng Tao et al Vol. 18

any of these parameters, i.e. amplitude modulation

coefficient, phase modulation coefficient and size of

them, become smaller with other parameters kept un-

changed. As a result, the hot-images of certain scat-

terers become stronger correspondingly.
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