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We propose and demonstrate a scheme to smooth and shape the on-target patterns in multimode fiber la-
sers, which includes expanding-collimating system and lens array (LA). A smooth pattern with flat-top and
sharp-edge profiles can be obtained with the irradiation nonuniformity decreasing significantly. We analyze
the effects of the parameters such as defocus distance, the tilt angles, the number of the incident fiber lasers,
and the diffraction-weakened LA on the uniformity irradiation of target by numerical simulations.
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Fiber lasers have been intensively studied in recent years.
When compared with other kinds of lasers, fiber lasers
have many advantages such as high conversion efficien-
cy, convenient heat management, and excellent beam
quality, which are widely used in many fields. However,
the output power of single-fiber laser is limited due to
the nonlinear effect, heat damage, and the brightness
of the pump source. Beam combining of laser array is an
effective way to significantly improve the output power
and brightness!'?. Labaune et all¥ proposed a new con-
cept of inertial confinement fusion (ICF) based on fiber
application network, to combine a large number of fi-
ber amplifiers as ICF driver. Adopting the direct-drive
shock ignition, the uniform on-target irradiation is one
of the key requirements® ™. Also, in many other applica-
tions the transformation of the intensity distribution of
laser beam into a top hat is required. In laser display,
uneven imaging problem exists, and the uneven bright-
ness on the screen is a serious impediment to the rapid
development of laser display technology.

A number of smoothing methods have been devel-
oped, such as spatial smoothing, temporal smoothing,
and polarization smoothing. Among spatial smoothing,
there are distributed phase plate (DPP)F, continuous
phase plate (CPP)P! lens array (LA)M ) and so on.
DPP and CPP can achieve high diffraction efficiency
and the focal spot distribution profile can be controlled
according to the demand, but its scattering losses can-
not be ignored and is sensitive to near-field distortion
of the incident beam. There are several research studies
on using special compound mode of laser beams to get
flat spot on target plane and indeed obtain satisfactory
results. But they need complex designs of compound
mode of laser beams and have strong limits to the
modes of light field. LA is insensitive to near-field dis-
tortion and it seems to be an effective tool for uniform
irradiation in multimode fiber lasers.
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Here we develop a smoothing scheme employing ex-
panding—collimating system and LA to overlay the mul-
tiple fiber lasers. From the simulation results, we can
greatly reduce the nonuniformity on target by setting a
suitable defocus distance, increasing the number of fibers,
adding a random angle within a certain range to each
fiber, and adopting soft-edge LA. This scheme offers a
useful method to smooth and shape the target patterns.

The configuration of our scheme with a LA is shown
in Fig. 1. The fiber lasers are arranged equidistantly. In
order to get higher power, we employ multimode fibers.
The lenses L, and L, form the expanding-collimating
system. Suppose the output laser field of the nth fiber
is B, (z,, y,), when it passes concave lens L, the diver-
gence of the beam will become larger, then passes con-
vex lens L,, the beam will be expanded and collimated.
The incident light field before LA is E, (z,, y,), and it is
approximately parallel light.

Suppose LA has M x M lens elements and all of
them are square shaped with the same aperture d and
the focal length F. Each incident beam is cut into

9. ¥ Ll-Fl Ly 7y LSRN X, ¥
LA F, L F

OO®
@e®
@eO®

Fig. 1. Configuration of the optical system with LA.
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many beamlets by LA and then focused by the princi-
pal focusing lens L to form a pattern, and at last each
pattern from different fibers are incoherently overlaid
on the target. The focal length and aperture of L are
denoted as F' and D, respectively, and D = Md. When
the target is placed at the focus of L, the pattern size
a can be given by
d-F

GZT. (1)

e

To further improve the irradiation uniformity of the
pattern, the target is usually placed at the defocus
plane rather than at the focal plane of the principal fo-
cusing lens, and the moving distance is Az, we define Az
is negative before the focus and positive after the focus.
The complex transmittance of LA is given by

Ti(x7 y) = z 5($ - mlday - mgd) :

my,m,

eXp{—i%[(fc —m,d)’ +(y = m,d)’ ]}7 (2)

e

where k is the wave number of incident laser, and

M-1 M-1
<mp,m, <

. The center coordinate of the
element located in row m, and column m, is (m,d, m,d).

O(z,, y,)is the pupil function defined by

1, inside the lens aperture
0, otherwise ' (3)

O(z,,y,) = {

The complex transmittance of the principal focal lens
L is

T (z y):expli—ii(:c2 +y2):|. 4

2\ 2F ( )

According to the Fresnel diffraction formula™, we can
get the light field from the nth fiber on the target:

_explik(F+ Az)] . T (x T (x
En(z,y)— A(F+ A2) .[j Em( 1,:1/1) Tl( 17y1) Tz( 1’y1)
lk 9 2
exp{m[(x—xl) +-v) ]} dz,dy,. (5)

At last all patterns from different fibers incoherently
superpose on the target, so the final light field is

N

I(z,y) = Z| E (z,y) [ . (6)

n=1
If the number of the lens elements of LA is very large,
for the interference speckle, the probability density
function of light intensity distribution satisfies the de-
creasing exponential distribution!¥:

P(I) = iexp(—ij, (7)
1 1

where I is the average intensity. From Eq. (7), we can

see that the probability density of zero intensity is the

largest, so it has a high-intensity contrast.

Uniformity is defined as

RMS = M (8)

I
For the speckle caused by_goherent light passing through
LA, from Eq. (7), I* = 2I , substituting it into Eq. (8),
we obtain the uniformity of the speckle being 1, which
reaches the maximum.

When multiple speckles whose intensities distribute
irrelevantly superpose independently on the target,
probability density of light intensity distribution is no
longer the same as the single speckle. If each speckle
has the same statistical property and the same aver-
age intensity, the probability density of light intensity
distribution by superposition of the interference speckle
can be written as

NY .M NI
PN(I)=—_N9XP(—T]7 9)
~ (N -1t 1 1
where [ is the average intensity of the speckles after
superposition. Now, the probability density of zero in-
tensity greatly reduces, and the intensity contrast de-
creases at the same time.

The relationship between the probability density of
light intensity distribution and the increasing number
of the independent speckles superposed by Eq. (9) is
shown in Fig. 2. From Fig. 2, we can see that with the
increase in number N, the probability densities of light
and dark intensities are reduced, the peak of the proba-
bility density is toward the average intensity, and lastly
the intensity distributes around the average intensity
within a narrow range, so the nonuniformity decreases.

Substituting Eq. (9) into Eq. (8), we obtain the uni-
formity of the intensity superposed by N speckles:

RMS:L

Nk (10)

where the uniformity is inversely proportional to \/ﬁ .
There are two methods to increase the number of the
independent speckles: 1) let multiple independent and
unrelated spots (staggered) superpose on the target at
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Fig. 2. Probability density of light intensity distribution by
superposition of the interference speckle.
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Fig. 3. Incident light field before LA of each fiber.

the same time, so the spots get instant smoothing and
2) make the speckle vary rapidly in a very short time,
multiple independent speckles superpose from the effect
of cumulative time (such as SSD technology)!!9, so the
spot gets smoothed.

We use multiple incident fibers, and purport to make
each spot from different fiber staggered, so the unifor-
mity of the spot superposed will be reduced on the
target, and it is a method of instant smoothing.

Based on the principles described above, the inten-
sity distribution of the on-target pattern is simulated.
The 3 x 3 incident fibers are multimode fiber, and the
wavelength of the incident beams is 1053 nm. We use
experimental data for the incident light field before LA
(the real output light field distribution of multimode
fibers). Each beam is approximately parallel light and
with about 40 mm aperture, but the light field distribu-
tion is different from each other (see Fig. 3).

The LA is composed of 10 x 10 square elements,
each with a 20 mm width and a 5000 mm focal length.
The focal length of the principal focusing lens is 500
mm with a 200 mm aperture. From Eq. (1), the tar-
get spot size is about ¢ = 2 mm, and the interference
speckle spacing is A = AF/d = 25 mm.

We define two parameters to characterize the laser
irradiation on the target. One is the root mean square
(RMS) illumination nonuniformity defined as

—2

I
and the other is power in bucket (PIB) defined by

RMS = {< (U(e,y) = 17 >r ’ (11)

energy of the flat top of the spot

PIB = , (12)

total energy of the spot

where I(z, y) is the intensity at any point within the

flat top of the spot, and I is the average intensity
of the flat top. The angle brackets imply an ensemble
average. RMS shows how flat the top pattern profile is
and PIB provides the energy efficiency of the flat top.
Our aim is to get a small RMS and a large PIB.
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Fig. 4. (a) 3D intensity distribution of the target pattern on
the focal plane and (b) distribution across the center of the
pattern along the a-direction.

When the LA system is irradiated by an incident
beam from one fiber, the intensity distribution in the
focal plane is shown in Fig. 4. This is a quasi-near-
field diffraction pattern with a high-intensity structure.
When the beam passes through a lens element, the
Fresnel diffraction arises and the intensity stripes are
caused by interference between beamlets. If the target
is placed at the defocus (see Fig. 5), where the moving
distance Az = 0.9 mm, the sharp edge of the spot is
improved, and the modulation depth of the interference
stripes is reduced. The power spectral density (PSD)
curves are shown in Fig. 6. When we compare focus
with defocus, we find that mid-frequency component
significantly decreases at the defocus, but high-frequen-
cy modulation remains, and RMS reduces to 71.45%.

We increase the number of the fibers, but the mul-
tiple fibers are absolutely collimated without any stag-
ger angle with each other. We consider one fiber, two
fibers, four fibers, and nine fibers, respectively, when
the moving distance Az is 0.9 mm. In Fig. 7, when
the number of fibers (N) varies from 1 to 2, the modu-
lation depth of the intensity decreases obviously and
the RMS reduces too (as also shown in Fig. 8). But
when N increases further, the RMS changes slowly, es-
pecially when N varies from 4 to 9, the RMS does not
decrease. By comparing the PSD curves with different
values of N (Fig. 9), it can be seen that the low-fre-
quency and mid-frequency (spatial period greater than
40 pm) components have been smoothed out to some
extent, but the effect of smoothing of high-frequency
(spatial period less than 40 gm) modulation is not sig-
nificant, and increasing the value of N further has little
meaning for smoothing the spot. The reason is that

(a) ‘“‘l"ti Li,, i
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Fig. 5. (a) 3D intensity distribution of the target pattern with
the target moving distance Az = 0.9 mm and (b) distribution
across the center of the pattern along the z-direction.
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Fig. 6. PSD curves when Az =0 and 0.9 mm.

all fibers are absolutely collimated without no stagger
angle with each other, so the spots produced by each
fiber on the target are coincident without staggering a
little distance, and the interference fringes cannot be
wiped out by peak to valley, at last only the contour
can be smoothed.

In order to make each spot generated by different
fibers stagger a little distance on the target, we consider
adding a little random angle within a certain range to
each fiber. The A@(~10"") deflection angle of the beam
before LA in the z-direction will lead to an F* A@ shift
of the spot on the target in corresponding direction, so
the number of the independent speckles increases, the
RMS reduces meantime.
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Fig. 7. Intensity distribution of the target pattern (Az=0.9 mm):
(a) N=1,(b) N=2, (c) N=4, and (d) N=29.
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Fig. 8. Nonuniformity versus the number of fibers when the
multiple fibers are absolutely collimated with each other.

From the light field distributions on the target with
different N (Az = 0.9 mm) in Fig. 10, we can see that
with the increase in N, the modulation depth of the
light intensity decreases, and the zero intensity never
appears. We have observed the individual light fields
from different fiber lasers and find the different light
spots stagger a little on target and some peaks in one
spot correspond to some valleys in other spots. So
when they incoherently overlay on target, the inter-
ference fringes can be partially wiped out. Figure 11
shows how the nonuniformity RMS varies versus N.
The RMS reduces rapidly approximately by 1/\/N ,
which is consistent with our statistical interpretations
of the speckles. The staggered spots act as multiple
independent and unrelated spots, and superpose in-
dependently on the target, so the probability density
of light intensity distribution by superposition of the
interference speckle satisfies Eq. (9) and the corre-
sponding RMS reduces. According to the PSD curves
in Fig. 12, it can be seen that with the increase in
N, the modulation of the components whose spa-
tial period is more than 50 gm greatly reduces, and
the modulation of the components with less than
50 um spatial period is smoothed to some extent
too.

In the above simulations, the distance between dif-
ferent beams before LA is 20 mm. We have changed
the distance and also tried to suppose different laser
beams, for example, when N = 4, we suppose differ-
ent combinations of four beams, such as 1, 2, 3, and
4 or 5, 6, 7, 8 and so on, and at last we find that the
RMS changes a little in different conditions. The RMS
mainly depends on the number of fiber lasers. So our
configuration provides a compact and highly tolerant
method for uniform irradiation.

Normalized Power Spectral Density

2 ]
Spati;:? Frequency(1/|.|‘rnn)

Fig. 9. PSD curves with different N when the multiple fibers
are absolutely collimated with each other.
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Fig. 10. Intensity distribution of the target pattern (Az=0.9 mm):
(a) N=1, (b) N=4, and (c) N =9 when each fiber is com-
bined with a random little angle.

In ICF, the fine stripes within the focal spot can
be eliminated by the effect of the plasma thermal con-
duction!'”. Laser intensity fluctuation of the range of
20 pm seems not to bring about a severe laser imprint-
ing effect in the laser produced shock experiments. We
use spatial mean filtering technique within the range of
20 pum to remove the high-frequency component of the
spatial light intensity distribution in the numerical sim-
ulations. The result is shown in Fig. 13, RMS = 6.14%
and PIB = 82.22%.

The simulation results have been proved in our ex-
periment. The finite resolution of detecting CCD just
plays the role of spatial filter which is approximately
equivalent to the action of the heat conduction. A spot
with RMS less than 5% has been obtained and is shown
in Fig. 14. The related detailed results will be discussed
in another paper soon.

According to Sommerfeld boundary diffraction the-
ory, when a beam passes through an aperture, the
light field on target is superimposed by the diffraction
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Fig. 11. Nonuniformity versus the number of fibers when each
fiber is combined with a random little angle.
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» S‘p‘atia‘lorlzrequency(1/|'fr:|)
Fig. 12. PSD curves with different N when each fiber is com-
bined with a random little angle.

wavelets generated by the hard-edge of LA and the di-
rectly transmitted light. Therefore, we consider using
the edge of the refractive index gradient LA elements
to eliminate edge diffraction effects!™. The complex
transmittance function of each LA element is

o=l (22

~exp|:—i%(xl2 +y12):|. (13)

And the intensity distribution of the target pattern
is as shown in Fig. 15. Choosing an opposite np, the
large-scale fluctuations caused by diffraction of the fo-
cal spot have been weakened, especially the sharp edge
nearly disappears, but the modulation depth increases
at the same time. If thermal conduction smoothing is
considered, RMS = 4.31% and PIB = 80.80%.

In conclusion, we develop a scheme with an expand-
ing—collimating system and LA in order to smooth
and shape the on-target laser patterns in multimode
fiber lasers. By setting a suitable defocus distance,
increasing the number of fibers, adding a random
angle within a certain range to each fiber, and using
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Fig. 13. Intensity distribution of the target pattern (Az= 0.9 mm)
when thermal conduction smoothing is considered.
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Fig. 14. Intensity distribution of the target pattern in experiment.
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Fig. 15. Intensity distribution of the target pattern (Az = 0.9 mm, np = 20): (a) 3D intensity distribution with a sharp-edged LA,
(b) 1D intensity distribution with a diffraction-weakened LA, and (c) 1D intensity distribution with a diffraction-weakened LA

when thermal conduction smoothing is considered.

diffraction-weakened LAs, we obtain the spot on
the target with greatly decreasing RMS. If thermal
conduction smoothing is considered, the RMS can be
reduced to about 4% with PIB above 80%. Increasing
the number of the laser fibers provides further improve-
ment of the final laser intensity uniformity. Our work
provides a beneficial reference for beam smoothing.

This work was supported by the National Natural
Science Foundation of China under Grant No. 11374285.
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