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The diffraction of laser light by optical components is reduced with graded apertures. The nonlinear transmission of light
through saturable absorbers is applied to form soft apertures. Dye cells in front of amplifiers and at the focal region of spa-

tial filters were used to generate smooth beam profiles.

Optical components in the light path act as aper-
tures which truncate the light beam and cause diffrac-
tion. In the near field behind an aperture (I S rZ/)\; Ta
radius of aperture, \ laser wavelength; distance / < 25 m
forr, =0.5 cmand X = 1 um) the Fresnel diffraction
modulates the spatial intensity distribution. In the far
field (1 > rZ /A\) the Fraunhofer diffraction generates
Airy rings.

The distortion of the beam profile by diffraction
causes severe problems in laser physics. The profile
changes with incident beam diameter and beam shape,
with aperture width and distance behind the aperture
[1,2]. A quantitative analysis of nonlinear optical and
spectroscopic effects is difficult with rippled beams.
The breakup of light beams in optical media by small
scale self-focusing is determined by the width and the
depth of the ripples [3—8]. The light intensity in laser
amplifiers has to be kept below the self-focusing thresh-
old to avoid damaging of the material and to confine
the laser energy within a small divergence angle.

The diffraction effects may be reduced by two dif-
ferent approaches: First, their influence is lowered by
increasing aperture diameters. The size of optical com-
ponents is limited by technical and economical con-
siderations. Second, the diffraction is reduced by prop-
erly shaping the spatial intensity distribution of the
laser light. Beams with constant intensity across the
aperture are strongly diffracted while beams that do
not touch the aperture edges suffer no diffraction at
the particular opening. At a fixed peak intensity the
energy transfer through an aperture is largest for a con-
stant intensity distribution. An optimum beam shape

is found when the distortion due to diffraction is toler-
ably small while the energy flow through the aperture
is maximal.

Optical devices with high on-axis transmission and
with radially increasing attenuation act as apodized
apertures [9]. The diffraction caused by these apodi-
zers is generally small. The beam profile is reshaped so
that diffraction in subsequent hard apertures (constant
transmission across the opening) is negligibly small.

Several techniques of apodizing laser beams have
been reported [10]. Dye cells with radially growing
thickness [11], nonuniform metallic films [12,13],
photographic plates [13—15], and multilayer dielec-
tric coatings [13,15] were employed. The transmission
of light through fringing field Pockels cells and Faraday
rotators between polarizers results in the desired soft
aperture effect [16]. Annular negative lenses were used
to form smooth beam profiles [17,18]. Beam dividers
using frustrated total internal reflection served the
same purpose [19].

In this letter we describe a new technique of apodiz-
ing laser beams. We apply the intensity dependent trans-
mission of light through a saturable absorber in a cell of -
constant thickness. The central part of the light beam
bleaches the dye while the wings are strongly absorbed.
The saturable dye is placed in front of hard apertures
(eg. amplifiers) to avoid subsequent diffraction. Laser
beams with severe diffraction pattern were smoothed
by focusing the light and putting an absorber cell in the
focal plane (spatial filtering [20,21] with saturable dye
instead of pinhole; the Airy rings of Fraunhofer diffrac-
tion are formed in the focal plane). In our experiments
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with picosecond light pulses the saturable absorber ad- S
ditionally eliminates the background energy content 5 105 T
[22] and shortens the pulse duration [23]. G
The experimental set-up is depicted in fig. 1. A mode- E ok To=10% 4
locked Nd-glass laser is used to generate a train of pico- 2
second light pulses at A = 1.055 um [24]. The laser is T ., N |
operated at the fundamental transverse mode. An elec- = 0 — ] — 2 -

trooptical shutter selects a single pulse from the pulse
train. The separated pulse has a duration of Az} ~ 6 ps
(fwhm) and an energy of approximately 50 uJ. The in-
tensity of the light pulse is increased with lens L1 (f

= 1m). The dye sample DC (Eastman Kodak dye

No. 9860) is placed in a region of Iy; ~ 101% W/cm?
(behind the focal plane). A thin sample of 2 mm thick-
ness was used to avoid wave front distortion by the
nonlinear refractive index. The intensity of the light
pulse was monitored by measuring the energy transmis-
sion through a separate absorber cell D [25]. The small
signal transmission of the dye in the apodizing sample
DC was chosen to be T, = 10~*. The central part of
the laser beam passes the sample without remarkable
attenuation while the wings are strongly absorbed. The
filtered pulse traverses twice an Nd-glass amplifier
(length 23 c¢m, diameter 1.27 cm, amplification in the
double pass ~100). The light beam behind the amplif-
ier is collimated with lens L2 (f = 2m). The spatial in-
tensity distribution is analysed with photographic
plates (Kodak Spectroscopic plates type 1Z). To cali-
brate the plates the laser beam is split into two parts
with a wedge and one part is attenuated (factor of 3)
with a filter. The beam profiles at various distances
behind the amplifier were analysed by studying the
microdensitometer traces. The measured beam pro-
files were smooth when the dye sample DC was in its
position. Without the dye the output profile was found
to be rippled.
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Fig. 2. Reshaping of laser beams in a saturable absorber.
Dashed curve, incident gaussian pulse. Solid curves, transmitted
radial intensity distribution at ' = 0 for in})ut peak intensities
of Ipp, =2 X 10° W/cm2 (curve 1) and 10 0 W/cm2 (curve 2).
Small signal transmission of the sample T = 10"

The reshaping of gaussian input beams in the dye
sample is shown in fig. 2. The input pulse shape (I(r,#")
=1 exp [—(t'/t0)2 - (r/ro)z] att'=t—cz/n=0is
given by the dashed curve. The transmitted pulse
shapes at ¢' = 0 correspond to Iy = 1010 W/cm? and
2x 10° W/cmz, respectively. An initial dye transmis-
sion of Ty = 10~* is used. At Ip; = 1010 W/cm?
(curve 2) the central part of the beam is unaffected up
to a radius of r =~ 0.9 r and then drops down rapidly.
For r = 2.5 ry the input fulse is reduced by the con-
stant factor of To = 10~%, At Io; =2 X 10° W/cm?
(curve 1) the central part of the beam is slightly atten-
uated and the shape of the beam changes more gradual-
ly. The pulse duration is shortened nearly by a factor
of two at this intensity value (see fig. 3). The curves in
figs. 2 and 3 are calculated according to ref. [23].

The modulation of the beam profiles by hard aper-
tures depends on the intensity value /(r,) at the aper-
ture edge. The modulation was found to be tolerably
small (no small scale self-focusing problems) for
Ir)/1(0) < 1074 [1,2,26]. The energy transfer through
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Fig. 3. Characteristics of apodizing absorber. Curve F repre-
sents the filling factor of subsequent hard apertures. Curve Tg
gives the energy transmission through the absorber. The pulse
shortening by the dye is shown by the curve Aty /Aty,.

a hard aperture depends on the pulse shape. We define
a filling factor F for an 1ntens1ty distribution I(r) as the
ratio F'= [oF 2r I(r)dr/ [rF I(0)] of the actual energy
transmission to the energy transmission of a rectangular
pulse. i is the aperture radius at which /(z)/1(0) =
=10~4. The curve labeled F in fig. 3 shows the filling
ratio of light beams apodized in the dye sample versus
the input peak intensity (7, = 10~ ) An optlmum
value of F~ 0.7 is found at [; =~ 1010 W/cm .Fora
gaussian pulse F is approximately 0.1.

The energy transmission through the sample DC is
presented by curve T in fig. 3. Ty mcreases with 7y
and reaches a value of 0.5 at 1010 W/cm?. The pulse
shortening ratio At /Aty for gaussmn input pulses
is also depicted in fig. 3. For Io; > 1010 W/em? the
pulse duratlons (fwhm) are not altered. At [j; ~2
X 10° W/cm? the pulses are remarkably shortened and
the filling factor is high: The effects of pulse shorten-
ing and apodizing occur simultaneously. o

In fig. 4 two beam profiles are presented which
were measured 4 m behind the pumped amplifier.
Curve a shows a microdensitometer trace when the ab-
sorbing dye was removed. Curve b was obtained with
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Fig. 4. Radial energy distribution of laser light 4 m behind
amplifier (diameter 1.27 cm). Curve a, w1thout apodlzmg dye
curve b, with bleachable dye. Io1, =~ 10'® W/em?, To = 107

the dye sample in its position (Io; ~ 1010 W/em? at
DC). The reduction of the diffraction effects by the
saturable absorber is clearly seen.

The far field diffraction pattern is determined by
the Fourier transform of the electric field strength at
the aperture. In fig. 5 three Fraunhofer diffraction
shapes are presented. Curve 1 (dotted) corresponds to
an undisturbed gaussian pulse (it remains gauss1an)
Curve 2 belongs to the apodized beam at /y; = 1010
W/em? (Curve 2 in fig. 2) which is truncated at r,
=rg [[(rp)/1(0) = 10~*]. The fringe height is mamly
due to the rapid decrease of intensity betweenr ~r
and r = rg (caused by the saturable dye). Curve 3
shows the diffraction pattern of an unapodized gaus-
sian pulse (dashed curve in fig. 2) which is truncated
at the same aperture radius as curve 2 [/(r,)/1(0)~0.12].
The far-field diffraction rings of curves 2 and 3 are not
remarkably different. The intensity of the rings may be
lowered by putting an additional saturable absorber cell
in the path of the beam at the far field. Under our ex-
perimental conditions far field diffraction occurs for
distances / 2 40 m and we are more concerned with
near field diffraction.

The near field diffraction was studied by solving the
Fresnel-Kirchhoff formula [27]
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Fig. 5. Far-field intensity distribution. Curve 1 (dotted), no
aperture in the path of a gaussian beam. Curve 2 (dashed),
dlfftactlon pattern of apodlzed and truncated llght pulse

UoL = 10! W/cm Ty = 107 , I p)/1(0) = 1074 ). Curve 3
(solid), diffraction fnnges of truncated gaussian pulse (/(r,)/(0)
=0.12). The normalized spatial frequency is K = kRrq/l, where
R radius at distance /.

E(¢',R,])

2Rr cos cp)llz]
2Rr cos ¢

=_£f fexp[lk(r +R2+12 _
Ay rP+R2+12 -

X rlE(',r,0) dg dr

by numerical methods. Plane wavefronts at a circular
aperture of radius 7, are assumed. / is the distance be-
hind the aperture, R and r are the radial coordinates
at / and at the aperture, respectively; k = 2/ is the
wave vector of the laser light. E represents the electri-
cal field strength. In fig. 6 the dependence of the on-
axis intensity I(t' = 0, R = 0, ]) on the propagation
distance / is depicted. The upper part (a) presents a
gaussian pulse which is truncated at /(r,)/I(0) = 1074,

A slight modulation is seen out to a distance of / ~ 10 m.

The dashed curve in fig. 6b shows the apodized pulse
which is truncated at I(r,)/1(0) = 10~ (pulse has the
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Fig. 6. Near-field on-axis intensity distribution versus distance
from aperture. (a) Gaussian pulse truncated at I(r, )/I(()) 10'4
(b) dashed curve, apodized truncated pulse (/o, = 10 W/cm
To = 10_4 I(ry)/1(0) = 10"4), solid curve, gaussian pulse
truncated at I(r,)/1(0) = 0.12. 7, = 0.635 cm, A = 1.055 um.

same parameters as curve 2 of fig. 5). Up to a distance
of I = 5 m the modulation depth of the apodized beam
is only slightly larger than for the gaussian pulse of

fig. 6a. It should be noted that the filling ratio of the
apodized pulse is nearly a factor of 7 larger than the
filling ratio of the gaussian pulse. The solid curve in
fig. 6b depicts the behaviour of a gaussian pulse which
is cut-off at I(r,)/1(0) = 0.12 (see curve 3 of fig. 5).
The modulation depth is enormous. For large distances
the apodized beam (dashed curve) approaches the be-
haviour of the truncated gaussian beam (solid curve).
The steep slope of the reshaped pulse is responsible

for this fact as was pointed out for the Fraunhofer dif-
fraction of fig. 5. The modulation frequency decreases
with distance / and ceases in the far field (/ > 40 m). In
the calculations r, = 0.635 cm was used according to
the radius of our amplifier rod.

The radial intensity distribution of the two light
pulses discussed in fig. 6b is presented in fig. 7 for the
distances / = 2.5 m and / = 5 m. The apodized pulse
(dashed curves) shows a rather smooth modulation.
The gaussian pulse truncated at /(r,)/1(0)= 0.12 (solid
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Fig. 7. Radial intensity distributions in the near field. Dashed
curves, apodized pulse; solid curves, truncated gaussian; as in

fig. 6b. Aperture radius 7, = 0.635 cm, wavelength A = 1.055 um;
distance behind aperture / = 2.5 m (a) and 5 m (b).

curves) is severely rippled.

Light beams with strong Fresnel diffraction pattern
may be smoothed by using spatial filters [20,21]. We
tested the possibility of spatial filtering with a satur-
able dye in the focal plane of the filter instead of a
pinhole. Rather long focal lengths f had to be used to
set the proper peak intensity /; in the focal plane
(5 X 10° W/em? <Iy; <5X 10'° W/em?, for Ty,
=10~%). We used f = 6m after the pumped amplifier.
The beam profile behind the spatial filter was found
to be very smooth. The application of a dye cell in the
focal plane of the laser pulse may be helpful to clean
the spatial distribution before entering the sample un-
der investigation.

In conclusion we wish to state that we have intro-
duced a new technique of apodizing intense light beams.
The technique uses bleachable dyes to reduce diffrac-
tion effects in subsequent optical components. Spatial
filters with saturable absorbers instead of pinholes were
applied to clean severely fringed pulses.

The authors are indepted to Professor M. Maier for
valuable discussions.
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