
Abstract. A new class of apodizing diaphragms, obtained by
gradient photobleaching of initially uniform dyed polyure-
thaneacrylate élms by the adapted penumbra technique, is
proposed. Two types of intracavity soft apertures are propo-
sed: apodizing selectors that should be used with a separate Q
switch, and selectors combined with an optical switch (a single
element contains a passive Q switch and an apodizing selector
of transverse modes of the cavity). Soft apertures of the érst
type, produced on the basis of polyurethaneacrylate doped
with the dithiobenzyl nickel complex, were used for trans-
verse-mode selection in a Nd3+:YAG laser.

Keywords: apodizing diaphragm, dyed polyurethaneacrylate, pulsed
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1. Introduction

The formation of a prescribed spatial proéle of laser
radiation is required for many problems of nonlinear optics,
holography, laser location, and technology. One of the
methods of correction for the spatial distribution of laser
radiation consists in inserting in the beam the elements
whose optical characteristics depend on the radius. Soft or
apodizing diaphragms (ADs) belong to such elements.

At present, a number of methods of formation of ADs of
different types were proposed and realised [1 ë 15]. They
include photographic emulsions with varying blackening [2],
dielectric coatings, glass optical élters with deposited metal
layers of varying thickness [3, 15], dye solutions in cells with
varying thickness [3], Pockels and Faraday cells with
nonuniform electric and magnetic éelds [5], elements based
on absorption induced in transparent materials by ionising
radiation [6], and optical elements based on attenuated total
reêection [7].

Studies in this area are of considerable importance
because many soft apertures do not satisfy all requirements
imposed on such elements. ADs based on photographic
emulsions with varying blackening, which are the érst ele-
ments that were successfully used for laser beam apodi-
zation, have the lowest damage threshold and a poor optical

quality, which is caused by a nonuniform thickness of pho-
tographic plates, the presence of grains in a photographic
emulsion, scratches, etc [1]. ADs based on single-layer die-
lectric coatings have a low contrast. Such ADs are used in
practice for correcting a light beam after its passing through
an additional soft aperture having a high contrast.

For this reason, new techniques of production of ADs
are developed and previously proposed techniques are
improved [8 ë 12]. In Ref. [13], the holographic technique
for manufacturing mirrors with a varying reêectivity is
developed. This method makes possible simultaneous con-
trol of frequency and spectral width of laser radiation. The
authors of [14] propose a new apodizing element, which
represents a photopolymer holographic phase plate for its
use in a cavity of a diode-pumped Nd :YAG laser.

Depending on the problem, ADs can be placed at the
output of a master oscillator or in different parts of an am-
plifying system [1], cutting out from a beam being ampliéed
the part with a nearly uniform distribution, or inside a cavity
for selecting the fundamental transverse mode [8 ë 10, 13, 14].

The use of ADs is one of the simplest methods for
eliminating spatial nonuniformities caused by Fresnel dif-
fraction from apertures of a laser system [3]. The Fresnel
diffraction with intensity gradients is responsible for the self-
focusing of a beam as a whole and small-scale focusing [16],
which cause damage of laser optics.

The use of soft apertures in laser systems imposes on them
the following requirements: (1) the presence of a nearly rec-
tangular spatial transmission proéle, which changes, how-
ever, at the edges so that diffraction intensity spikes are sup-
pressed (for instance, such properties are provided by the
super-Gaussian proéle [1]); (2) the presence of a speciéed (as
a rule, higher than 100 for intracavity applications) trans-
mission contrast; (3) the optical damage threshold (ODT) of
an AD should exceed the intensity of laser radiation trans-
mitted through it; and (4) the technology should provide the
desired service life of an AD.

In this paper, we solve several interrelated problems: we
develop the technology of fabrication of ADs on the basis of
dyed polyurethaneacrylate, study spatial proéles of ADs
manufactured by this technique, and study speciéc features
of selection of transverse modes by soft aper-tures in com-
parison with mode selection provided by hard metal dia-
phragms.

2. Method of AD formation

We fabricated ADs for a Nd3+:YAG laser by using a tri-
plex design in which a polyurethaneacrylate (PUA) élm
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100 ë 500 mm thick doped with the dithiobenzyl nickel
complex (DBN) was formed during photopolymerisation
between glass substrates of good optical quality. This mate-
rial and the technology of triplex production were proposed
earlier for passive Q switches of solid-state lasers [17]. We
extend the range of application of this material and propose
to use it for the fabrication of ADs.

The absorption spectrum of DBN is presented in Fig. 1b.
The absorption spectrum of the dye overlaps the emission
frequencies of lasers working on the 4F3=2 ÿ4T11=2 transition
(1.06-mm region) of neodymium in all known matrices. DBN
has a high resistance to photochemical bleaching in the
fundamental absorption band at 1.06 mm and is rather easily
decomposed under irradiation in the near UV region, where
electronic transitions to higher states are located. The
photochemical properties of DBA in PUA were found to
be favourable for the fabrication of ADs by the gradient
photobleaching technique. The optical characteristics of
PUA obtained by the radical photopolymerisation of oli-
gourethaneacrylate are presented in Ref. [17]. PUA has a
transparency window in the range from 0.4 to 1.5 mm (Fig.
1a), which allows one to use this material for the fabrication
of ADs in this spectral range by using different dyes. The
elasticity of PUA provides a high ODT of this polymer
matrix [18, 19].

Dye diffusion in PUA is one of the processes which can
change the initial gradient proéle of an AD. We have shown
for coumarin 7 [20] that the diffusion of dye molecules in
elastic PUA is rather slow. For a concentration of 10 ë 3

mol litre ë 1 at the centre of the diffusion region (a élm 170
mm thick), the diffusion coefécient at 300 K is (8:3� 0:4)

�10ÿ11 cm2 sÿ1. The initial concentration of coumarin 7 in
the bulk of the dyed polymer (at a considerable distance
from the diffusion boundary) was 2� 10ÿ3 mol litreÿ1. The
diffusion coefécient increased with increasing élm thickness
(for coumarin 7, by an order of magnitude). The dye diffu-
sion in polymers was found to have a dispersion nature, i.e.,
decreased with time [21]. The diffusion coefécient also de-
pends on the size of a diffusing molecule and, therefore, it is
different for various dyes. For DBN (with molecular weight
of 629.55), diffusion into PUA is slower than for coumarin 7
(with molecular weight of 333). This provides the diaphragm
lifetime required for practice.

The AD lifetime can be estimated by the formula
tad � l 2=D, where l is the diffusion length and D is the
diffusion coefécient for dye molecules. For l � 1 mm and
D � 10ÿ11 cm2 sÿ1, the time of efécient exploitation of ADs
(taking into account only the diffusion of dye molecules) is
33 years. Thus, optical, photochemical, and diffusion pro-
perties of this composition are favourable for the use in the
given technology.

The calculation of the diffraction pattern for a soft
aperture shows that the apodizing ability of an AD (i.e., its
ability to suppress diffraction intensity spikes simultane-
ously with realisation of a large élling factor) increases on
passing from the Gaussian to the super-Gaussian proéle.
The super-Gaussian function, which is used for the descrip-
tion of AD proéles, has the form

T�r� � T0 exp

�
ÿ
�

r

R

�N �
. (1)

Here, T (r) is the transmission as a function of the distance r
from the aperture centre; T0 is the transmission at the
aperture centre; R is the distance from the aperture centre
to the point where T � T0=e; and N is the order of the
super-Gaussian law.

To form an AD with the super-Gaussian transmission
proéle by dye photobleaching in PUA élms, we adapted the
penumbra technique [22], which was earlier used for the
fabrication of ADs based on silver-halide photographic
élms. The initial technique used an incandescent lamp with
a circular hard aperture and an opaque screen in the form of
a disk as a light source. We modiéed this method by using a
UV lamp with an amplitude mask, which was placed at a
certain distance from a polymer élm. The amplitude mask
represented a circular hard aperture made in a metal foil.
The desired spatial transmission proéle of an AD was
obtained by photobleaching a dyed plane-parallel polymer
layer by the UV emission.

To average the irradiation dose in the azimuthal
direction, the initial dyed triplex with an amplitude metal
mask was placed in a special device rotating about its axis.
As noted above, the DBN photostability upon excitation to
high electronic states is low. The dye photodecomposition is
accelerated with time because of reactions involving decom-
position products containing excited DBN molecules.

The irradiation parameters (the exposure time, the
position of the initial composition relative to the light
source, and the use of amplitude masks of different
diameter) were chosen empirically. For a triplex placed
at a distance of 7 cm from the UV lamp, a noticeable dye
decomposition (an increase in transmission by 10%) was
observed after 7-h exposure. By using moderate exposure
times (about 30 h for triplexes with an initial transmission of
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Figure 1. The transmission spectrum of PUA (a) and the absorption
spectrum of DBN (b).
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10%) and relatively small diameters of amplitude masks
(1 mm), we produced diaphragms with the Gaussian proéle
(35% transmission at the centre).

To form transmission proéles approximated by super-
Gaussian functions, we increased the exposure time, all
other conditions being the same. The technique chosen by us
imposes no substantial restrictions on the proéle being
formed and the operating wavelength of an AD and
provides fabrication of ADs with the prescribed contrast.

By using this technique, we fabricated ADs of two types:
diaphragms with a super-Gaussian absorption gradient at
the edges and total transmission at the centre and dia-
phragms combined with a passive laser Q switch. In the
second case, the transmission at the aperture axis has a
maximum value, but does not reach 100%, and decreases
towards the aperture edges according to a super-Gaussian
law. A nonlinear element of this type can be simultaneously
used for mode selection and Q switching. It is expected that
lasing in a system with such an element will begin at the axis
on the fundamental transverse mode and spread in the
radial direction during the development of a `giant' pulse,
élling the active medium and preventing the appearance of
higher-order modes. Earlier, similar elements based on LiF
crystals with F ÿ2 -colour centres were proposed in Ref. [23]
(see also [8]).

An additional advantage of the use of an initially dyed
polymer élm placed between two optical surfaces for
manufacturing ADs is that the élm surface in this system
is protected from mechanical damage (in an AD based on a
photographic élm with varying blackening, scratches and
dust particles adhered to the emulsion deteriorate its optical
quality). Moreover, a relative simplicity of the fabrication
and a small size of ADs proposed here favour their extensive
use in laser systems.

3. Measurement and analysis of AD
transmission proéles

The schematic of the setup for measuring the transmission
proéle of ADs is shown in Fig. 2. The 1.06-mm radiation
from a 20-Hz diode-pumped Nd3+:YAG laser 1 passed
through a focusing system 2, an optical ébre 3 and a
scattering system 4, was partially absorbed by an AD 5, and
detected by a CCD camera 6. The output signal was digi-
tised by a frame grabber and a computer 7.

The proéles obtained by our technique were nearly
super-Gaussian and were approximated by functions (1).
The order N of the diaphragm transmission proéle ranged
from 2 to 20. By increasing the diameter of a hard aperture
mask (with the exposure time and the distance between the
mask and the UV lamp being éxed), we can obtain various

proéles from the Gaussian (with N � 2) to the super-
Gaussian one with N � 20. By increasing the exposure
time, with the amplitude-mask diameter being unchanged,
ADs with the desired contrast ratio Imax=Imin can be ob-
tained. Note that the contrast as low as 1.43 was found to be
sufécient for efécient operation of intracavity ADs .

Fig. 3 presents examples of normalised proéles for some
soft apertures manufactured by us. Let us compare the
super-Gaussian proéle with N � 6, R � 2:6 (curve 3) and
the Gaussian proéle with N � 2, R � 2:6 (curve 1). The
super-Gaussian transmission distribution is more uniform
than the Gaussian one. As shown in Ref. [1], for the super-
Gaussian intensity distribution, the élling factor at the
output of a soft aperture is higher than for the Gaussian
distribution. Therefore, the output energy of a system in the
érst case is higher. This means that an AD with N � 6
provides a more efécient use of the section of a laser rod.

We studied ADs with a smooth gradient of absorption
coefécient, which were combined with a passive laser Q
switch and ADs that were not combined with a switch. The
dependences of their transmission on the coordinate are
presented in Fig. 4.
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Figure 2. Schematic of the setup for measuring proéles of apodizing
diaphragms.
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Figure 3. Normalised proéles of ADs with the exponential parameters
N � 2 ( 1 ), 4 ( 2 ), 6 ( 3 ), 12 ( 4 ), 18 ( 5 ), and 20 ( 6 ) for soft apertures
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Figure 4. Proéles of ADs combined with laser switches for N � 18 ( 1 )
and 4 ( 2 ) and of the AD that is not combined with the optical switch for
N � 6 ( 3 ).
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4. Results of the use of ADs in laser cavities

Soft apertures with a smooth gradient of absorption coefé-
cient were used in a cavity of a Nd3+:YAG laser simulta-
neously with a passive Q switch. It is known that for the
diffraction pattern formed by a soft aperture with radius a
be smoothed at a distance of z 0 from the aperture (in linear
media) the changes in the Fresnel number F � a 2=lz 0

caused by the irregularity of the edges or their spreading
should be of the order of unity [1], i.e.,

DF � 2a
Da
lz 0
� 2Da

a
F � 1. (2)

It follows from this formula that the required spreading of
the edges of a soft aperture is Da � a=2F � lz 0=2a.

However, it is likely that this principle is invalid when an
AD is used inside a cavity for selecting the fundamental
transverse mode. We studied ADs in a plane-parallel Fab-
ry ë Perot cavity (a cavity 110 cm long with a Nd3+ :YAG
crystal 6 mm in diameter) using an LBA-300PC (SPIRI-
CON) analyser of laser beams. Our measurements showed
that the ADs provided efécient selection of higher transverse
modes for F in the range from 1 to 14 and DF in the range
from 0.4 to 8.9. We also studied ADs in a cavity with a
passive Q switch, whose initial transmission was 11%.
Under such conditions, lasing on the fundamental mode
was obtained by using the AD with a � 3:5 mm, N � 6,
F � 10, Da � 1:5 mm, DF � 4, and contrast ratio of 1.43.

Fig. 5 presents the laser radiation proéles measured in
the near-éeld zone (immediately behind the output mirror)
in the laser without an AD, with an intracavity AD, and
with a hard diaphragm 2.7 mm in diameter. Figs 5a ë 5c
have the same scale, the frame size is 6.336 mm65.940 mm.
Our studies showed that the soft aperture with a super-
Gaussian proéle suppressed diffraction intensity spikes and
provided selection of the fundamental transverse mode of
Nd3+:YAG laser emission. In the case of a hard intracavity
diaphragm (for instance, a hole in a metal foil) with the
same Fresnel number, the Airy diffraction pattern was
observed in the laser intensity distribution. This éeld proéle
no longer corresponds to the fundamental transverse mode
and is caused by the Fraunhofer diffraction from a circular
aperture. Multimode laser radiation with a complex struc-
ture is also obtained when the mode selection is performed
using a hard aperture of a smaller diameter compared to
that of the AD. The analysis of Fig. 5 shows that Fresnel
numbers required for selecting the fundamental transverse
mode using intracavity ADs differ from Fresnel numbers for
hard diaphragms.

In Res. [8, 23], the application of ADs combined with
passive laser switches provided a decrease in the angular
divergence of single-pulse lasers and an increase in their
brightness due to the mode selection in the regime of non-
linear transmission. A detailed study of mode selection by
soft diaphragms will be carried out elsewhere.

5. Conclusions

The study of transmission proéles obtained by using ADs
fabricated by photobleaching of dyed polyurethaneacrylate
élms by the penumbra technique showed that this technique
imposes no substantial restrictions on the proéle being
formed and enables one to obtain ADs with the desired
contrast ratio. Soft apertures based on dyed PUA élms pro-
vide selection of the fundamental transverse mode of laser
radiation at large Fresnel numbers.

The use of hard diaphragms, even of smaller diameter
(compared to that of apodizing diaphragms) leads to the
appearance of higher transverse modes in laser radiation. In
the case of a soft diaphragm, the eféciency of formation of
the fundamental transverse mode (the ratio of energy ob-
tained in the fundamental transverse mode to the maximum
possible energy of the fundamental transverse mode for a
hard aperture) at large Fresnel numbers is 4.3.

References
1. Lukisheva S G, Krasyuk I K, Pashinin P P, Prokhorov A M

Trudy IOFAN 7 92 (1987)
2. Lawrence Livermore National Laboratory, Semiannual Report

UCRL-50021-73-1 (1973)
3. Costich V R, Johnson B C Laser Focus 10 (9) 43 (1974)
4. Jacquino P, Roizen-Dossier B Progress in Optics (New York,

Wiley, 1964) Vol. 3, p. 29
5. Simmons W W, Leppelmier G W Appl. Opt. 13 1629 (1974)
6. Gorshkov B G, Ivanichenko V K, Karpovich V K Kvantovaya

Elektron. 12 1453 (1985) [Sov. J. Quantum Electron. 15 959
(1985)]

7. Krasyuk I K, Lukishova S I, Pashinin P P Kvantovaya Elektron.
3 1337 (1976) [Sov. J. Quantum Electron. 6 725 (1976)]

8. Vinogradsky L M, Sobolev S K, Zubarev I G, Pyatakhin M V,
Senatsky Yu V, Mizin V M, Ueda K-I Proc. SPIE Int. Soc. Opt.
Eng. 3683 186 (1998)

9. Mizin V M, Senatsky Yu V, Sobolev S K, Vinogradsky L M,
Zubarev I G Proc. SPIE Int. Soc. Opt. Eng. 3343 344 (1998)

10. Vinogradsky L M, Sobolev S K, Bykovsky N E, Zubarev I G,
Pyatakhin M V, Senatsky Yu V, Mizin V M, Ueda K-I Abstracts
of papers, X Conf. on Laser Optics (St. Petersburg, Russia,
2000) TuA-p33

11. Vinogradsky L M, Kargin V A, Krotov V A, Sobolev S K, Jidkov
N V, Mizin V M, Senatsky Yu V Abstracts of papers, X Conf. on
Laser Optics (St. Petersburg, Russia, 2000) TuA-p36

12. Cherezova T Yu, Chesnokov S S, Kaptsov L N, Samarkin V V,
Kudryashov A V X Abstracts of papers, X Conf. on Laser Optics
(St. Petersburg, Russia, 2000) WeA3-8

13. Pich M, Jeannette D, Massudi R Abstracs of papers, X Conf. on
Laser Optics (St. Petersburg, Russia, 2000) WeA3-9

14. Bourderionnet J, Huot N, Brignon A, Huignard J-P Abstracts of
papers, X Conference on Laser Optics (St. Petersburg, Russia,
2000)

15. Jacquino P, Roizen-Dossier B Progress in Optics (New York,
Wiley, 1964) Vol. 3, p. 29

16. Baranova N B, Bykovsky N E, Zel'dovich B Ya, Senatsky Yu V
Kvantovaya Elektron. 1 2435 (1974) [Sov. J. Quantum Electron.
4 1354 (1974)]

17. Bezrodnyi V I, Tikhonov E A Kvantovaya Elektron. 13 2486
(1986) [Sov. J. Quantum Electron. 16 1642 (1986)]

a b c

Figure 5. Near-éeld distributions at the output of a Nd3+:YAG laser
without an AD (a), with an AD in the cavity (b), and with a hard
aperture 2.7 mm in diameter (c).

New class of optical apodizing diaphragms on the basis of dyed polymers 459



18. Bondar M V, Przhonskaya O V, Tikhonov E A Zh. Tekh. Fiz. 58
514 (1988)

19. Bezrodnyi V I, Bondar M V, Kozak G Yu Zh. Prikl. Spektrosk.
50 711 (1989)

20. Volyanyuk S A, Bezrodnyi V I, Tikhonov E A Zh. Prikl.
Spektrosk. 67 457 (2000)

21. Volyanyuk S A, Tikhonov E A Ukr. Fiz. 46 899 (2001)
22. Campillo A J, Carpenter B, Newnam B E, Shapiro S L Opt.

Comm. 10 313 (1974)
23. Tarasov A A Kvantovaya Elektron. 9 1727 (1982) [Sov. J.

Quantum Electron. 12 1113 (1982)]

460 S A Volyanyuk, V I Bezrodnyi, E A Tikhonov


