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EXPERIMENTAL STUDY OF DEFORMATION OF COPPER
MIRRORS IN A HIGH-POWER LASER SYSTEM

Xia Jinan, Zhang Yaoning,
Cheng Zuhai, and Qiu Junlin

National Laboratory of Laser Technology
Huazhong University of Science

and Technology

Wuhan 430074

Abstract: The distortion mechanism of high-power laser
mirrors is discussed. The deformation of a water-cooled
cavity copper mirror and an annular channel copper mirror
was tested with a Twyman-Green interferometer and an imaging
system. In addition, a new kind of copper mirror is
proposed. Compared with the other mirrors, the new mirror
has not only a small thermal deformation caused by an
incident laser but also a very small pressure deformation
exerted by the cooling fluid.

KEY WORDS: copper mirror, mirror distortion.

1. Introduction

When irradiated with a high-power laser, a mirror can absorb
some of the energy and generate partial thermal stresses and
strains, causing a change in the beam reflection field and beam
spot pattern. The higher the laser power, the more heat will be

absorbed by the mirror per unit time, and the larger deformation
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it will cause. This phenomenon, in a laser device, will lead to
an increase in the resonant cavity laser mode disturbance and
losses and will affect the laser output power and beam
properties[1,2]. Under severe conditions, the laser output power
and output beam quality will greatly decrease. Therefore, it is
necessary to take effective measures to suppress the thermal
deformations of the mirror, i.e., to minimize or completely

eliminate them.

Normally, the method used to control thermal deformations
resulting from high-power laser irradiation is cooling the
mirror[3,4]. However, during cooling, the mirror may undergo
additional deformation under the pressure of the cooling fluid.
To avoid this problem, a proper mirror cooling arrangement or a
proper cooling solution should be specially designed.

Adopting this procedure, first the authors used a Twyman-
Green interferometer and an imaging system to test, under cooling
conditions, the surface shape of a laser-affected mirror, and
then studied, respectively, the pressure deformations due to the
cooling medium and the laser-induced thermal deformations of the
cavity copper mirror and the annular-channel copper mirror.

Also, we designed a copper mirror with a multilayer cooling
structure and compared and analyzed the three structure copper

mirrors.
2. Experimental Study of Copper Mirror Deformation

The experiment system is shown in Fig. 1, in which laserl is
a high-power laser source; laser , is a Twyman-Green
interferometer laser source, namely a helium/neon tube; Mtis the
objective lens to be measured; M, is the reference mirror; M is
an ordinary reflection mirror; E is a beam-expander; L is a

collimating lens; By is a beam splitter, while the imaging system




is composed of a CCD video camera, a monitor, a computer, and a
printer.

Fig. 2 (a) and (b), respectively, are schematic diagrams of
the simple-cavity copper mirror and the annular-channel copper
mirror. In general, these two types of copper mirror are
applicable in some laser systems, but they display an overly high
deformation value in other systems, where vigorous requirements

are imposed on deformation.

Hence, we designed a new copper mirror with a multilayer
structure as indicated in 2(c). Experiments showed that this
mirror generates very slight deformations. The reason for this
is as follows: during mirror deformations, on the one hand, the
laser thermal action can cause a nonuniform temperature
distribution of the mirror, resulting in thermal stresses and
thermal expansion; on the other hand, under the pressure of the
cooling fluid, the mirror is subjected to a certain amount of
load so as to undergo strain. However, the new copper mirror
showed more satisfactory cooling effects; it was subjected to
small partial thermal stresses, high structural strength, and low
pressure deformation. As a result, its overall deformation was
relatively small.
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Fig. 1. Schematic of Twyman- Fig. 2. (a) cavity-structure
Green interferometer and mirror (b) annular-channel
imaging system mirror (c) new structure type
mirror
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Fig. 3. (a) deformed surface of a cavity copper
mirror (b) deformed surface of an annular channel
mirror (c) deformed surface of new copper mirror

2.1. Mirror Surface Deformation Regularities
When Mirror Is Subjected to Laser Irradiation

The surface shape of the mirrors deformed under laser
irradiation is shown in Fig. 3. Fig. 3(a), (b) and (c¢),
respectively, indicate the surface shape of the cavity mirror,
the annular-channel mirror, and the multilayer structure mirror
under the same laser power, the same flow of cooling fluid, and
the same pressure. The original surface of the three copper
mirrors was flat, their diameter was 68mm, laser irradiance was
350W, spot diameter was 25mm; the laser was nearly a basic mode,

and the water cooling pressure was 0.2MPa.

It can be seen from the figure that for all the mirrors each
surface shows a tendency of convexity, among which, the cavity
mirror is the most convex, followed by the annular channel
mirror, while the new copper mirror is convex the least. This
suggests that the cavity copper mirror was deformed most
severely, followed by the annular channel mirror, while the new

copper mirror was deformed the least.

This is also reflected in the relative value and location of

the curves shown in Fig. 4. Fig. 4 illustrates the maximum
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deformation of the mirrors versus incident laser power when the
cooling fluid pressure is 0.2MPa, where the curve value of the
cavity copper mirror is much larger than that of the other two
mirrors, while the curve value of the new copper mirror appears
extremely small, which reflects the foregoing statement. The
ordinate in the figure is the maximum deformation of the mirror
surface, while the abscissa is incident laser power. In fact,
with cooling fluid, the mirror deformation is primarily caused by
two factors: one factor is the thermal process of the laser,

while the other factor is the pressure of cooling fluid.

[
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-
<

The maximum deformation (um)
» o
L

0 200400 6008001000 14001600
Power (W) 120

Fig. 4. Maximum deformation versus incident laser

power when cooling fluid pressure is 0.2MPa

KEY: 1 - cavity copper mirror 2 - annular-channel
mirror 3 - new copper mirror

2.2. Effect of Cooling Fluid Pressure on Mirror Deformation

Fig. 5 shows the maximum surface deformation of the
different structural types of mirrors versus cooling medium
pressure without laser irradiation. Here, the cooling medium is
water, and the surface diameter of the mirrors is ¢68mm. The
figure indicates that the maximum surface deformation of the
mirrors increases nearly linearly with increase in cooling medium
pressure, in which case the cavity mirror is deformed the most,
much more than the other two mirrors. Thus, it is not wise to
adopt the cavity cooling structure in designing a mirror, though:
such kind of mirror is simple to process. The deformation of the
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annular-channel mirror can be remarkably improved as confirmed by
the relative location of curve 2 in Fig. 5, but even so, this

| . . .
mirror still ‘cannot meet the requirements in highly demanding

resonant cavities.

The deformations of the new mirror, namely the multilayer
structure mirror, as shown in Fig. 5, are very small. Therefore,
this kind of mirror can effectively suppress the mirror
deformations caused by cooling medium pressure. As a matter of
fact, the effect of cooling fluid pressure on mirror deformation
varies with the change in the structural strength of the mirror,
i.e., the higher the mirror structural strength, the smaller the
deformation resulting from cooling fluid pressure, or visa versa.
In this case, Fig. 5 suggests that the structural strength of the
new mirror proves to be higher than that of the other two

mirrors.

Fig. 5 also suggests when the fluid-coocled mirror is adopted
to remove or control the thermal deformation caused by a high-
power laser system, additional deformation, i.e., pressure
deformations may occur that are by no means caused by the laser
itself. Therefore, selecting a cooled copper mirror structure
for a laser system must be based on the actual conditions, and it
is recommended to select a mirror with higher structural

strength.
2.3. Thermal Deformations Caused by Laser Action

Fig. 6 shows the thermal deformations for different
structure copper mirrors versus incident laser power under laser
irradiation when the. cooling fluid pressure was 0.2MPa, where the
curves represent the values excluding the pressure deformations.
In the figure, the spot diameter of the incident beam is
approximately 25mm, nearly a basic mode; the surface reflectivity
of the cavity mirror is 0.975; the surface reflectivity of the

6
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annular channel copper mirror is 0.98; the surface reflection of
the new mirror is 0.982; the structure and dimension of these

mirrors are the same as mentioned above.
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Fig. 5. Maximum deformation Fig. 6. Maximum deformation
versus cooling fluid structure versus laser power
KEY: 1 ~ cavity copper mirror KEY: 1 - cavity copper
2 - annular copper mirror mirror 2 - annular
3 - new copper mirror copper mirror 3 - new

mirror

It can also be seen from Fig. 6 that under particular
cooling conditions, the laser-induced thermal deformation of the
mirrors increases with increase in incident laser power: the
higher the power, the larger the deformation. From the relative
location of the curves as indicated in Fig. 6, the cavity mirror
has the largest surface thermal deformation, the annular-channel
mirror is next, and the new copper mirror has the smallest
surface thermal deformation, which is determined by different
cooling effects of different copper mirrors. The cavity copper
nirror has the poorest cooling effect, the annular channel copper
mirror is the next, while the new copper mirror has the best
cooling effect.

It can also be seen from the relative location of the curves
that compared with the cavity copper mirror, the cooling effect
of the annular-channel mirror can be greatly improved. However,
this mirror is still not as good as the new copper mirror. This

also indicates that the cooling effect of the annular channel
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copper mirror is not as good as that of the new copper mirror.
3. Conclusions

In a high-power laser system, a mirror can absorb some of
the surface energy and be subjected to thermal stress and thermal
deformation. When the deformation exceeds a certain value, it may
affect the performance of the system. For instance, it can cause
the laser output power drop or the beam equality decrease.
Therefore, effective measures must be adopted in order to
control the mirror deformation, namely, to minimize it or

completely eliminate it.

In normal circumstances, this can be realized through the
mirror cooling technique, but in this case, the mirror may be
subjected to additional deformation due to cooling fluid
pressure. Thus, the structure of the mirror should be specially
selected and well designed so that the mirror has high structural
strength and good cooling effects and becomes optimal.

Otherwise, the mirror will be subjected to greater deformation.

The experimental study of the cavity, annular channel and
new multilayer structure copper mirrors as described in this
paper proved that the cavity mirror has the poorest cooling
effect, low structural strength, and accordingly, larger thermal
deformation and pressure deformation; therefore, it is not to be

recommended.

As for the annular channel copper mirror, its laser-induced
thefmal deformation and the cooling fluid pressure deformation
can be greatly improved, and effectively suppressed as long as
the laser power is not so high, can be effectively suppressed.
However, its deformation is still slightly higher with reference
to a higher power laser system or in the case when vigorous

requirements are set for deformation.
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While the new copper mirror can provide satisfactory results
because this mirror not only shows a high structural strength,
but also good cooling effects. Therefore, its thermal
deformation caused by the laser process and the pressure
deformation caused by the cooling fluid are both relatively
small, which can serve as an effective solution for suppressing
the mirror surface deformation in a laser system.
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SPACE SPECTRUM AND FILTERING OF
APERTURED BESSEL BEAM

Jiang Zhiping, Liu Zejing,
Lu Qisheng, and Zhao Yijun

Department of Applied Physics
National University of Defense Technology
Changsha 410073

Abstract: The space spectra of the apertured Bessel beam are
calculated. The propagation of the apertured Bessel beam is
discussed in relation to the space spectrum. The criteria of
the nearly diffraction-free beam are as follows: the space
spectrum has a non-zero major maximum and the spectral widths
are narrow. The propagation feature can be improved through
space filtering.

KEY WORDS: Bessel beam, aperture, space spectrum, filtering.
1. Introduction

Researchers are interested in a "diffraction-free" beam-Bessel
beam primarily for two reasons: one reason is that, theoretically,
the "diffraction—-free" or "super—-diffracting” beam has long been a
research goal, while the Bessel beam demonstrated a possibility of
achieving this goal. The other reason lies in its applications: a
very fine central major maximum can remain basically unchanged
during long-range propagation; therefore, the beam is expected to
be applied in various fields, such as super-precision collimation,
large- and deep-caliber laser boring, communications, and energy
transmission.

10




In this situation, since 1987 when Durnin et al. first
published reports on experiients with Bessel beams[1-3], great
interest has been stirred iﬁ this topic in the optical research
community, and very much research was done on these beams, their
propagation and applications. Even today, numerous papers on this
field have been published[4-8].

Diffraction is an essential feature of light that any other
wave motion phenomenon cannot surpass. Literally, a "diffraction-
free" or "super-diffracting"” beam does not exist, including even
the Bessel beam. The Bessel beam serves as a solution to wave-
motion equations. When we say a beam is diffraction-free, we mean
it does not change with propagation distance. It appears as if it
is diffraction-free, but in fact, this feature is just the result
of diffraction; only in this case, the diffraction is extremely
subtle.

Another feature of the Bessel beam is that its total energy is
infinite, indicating the physically ideal Bessel beam does not
exist. All physically significant Bessel beams are ideal Bessel
beams restricted by a particular aperture[3]. The aperture can be
either a hard-edge aperture {(small holes) or a soft-edge aperture
(such as Gaussian aperture, i.e., Gaussian-Bessel aperture[6]). An
apertured Bessel beam also has a "diffraction-free" character: its
distribution remains basically unchanged at a particular

propagation distance.

The authors studied the propagation of apertured Bessel beams
with respect to the space spectrum, aiming at a physical picture
for understanding the propagation of the apertured Bessel beam, and
to propose, on this basis, a space filtering method to improve its

propagation feature.
2 Space Spectrum of Apertured Bessel Beam

A Bessel beam is column-symmetric. Let f(r) be the aperture




function, and Jo(ar) be the Bessel function, then the space
spectrum can be derived through zero-order Henkel

transformation([9]:
G(p) = 2% f.f(f)Jo(aT)Jo(2m'p)rdr (1)
[ ]

When f(r)=1 (i.e., aperture-free), Eq. (1) can offer the space
spectrum of an ideal Bessel beam as follows:

Gp) = =4 5= — ») (2)

Eq. (2) implies that the space spectrum of an ideal Bessel beam is
a cone face. This is Gori's explanation[6]: a Bessel beam can be
regarded as a number of superimposed plane waves whose wave vectors
are all distributed on the surface of a cone with propagation
direction z as the center as shown in Fig. 1(a), while Fig. 1(b) is
the space spectrum. When a beam is apertured, its spectrum becomes
much more complex. Given f(p) as the Hankel transform of f(r), the
space spectrum of the apertured beam can be derived through
convolution[9] as follows:

-

G(p) = :f [ 7@ Lo( 5= — B)azas (3)
[ ]

where

= VF T & — 2picosh

In our formalism, Eq. (3) is not simpler than Eq. (1), yet from it
some useful results can be obtained. In Eq. (3), the contributions

of { and © should satisfy R=a/2MN, i.e., the following is necessary:

¢ = peost + V' (a/27)T — pin’g (4)

so G(0) = 27F(a/27) (5)
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Fig. 2. Space spectra of circular truncated Bessel
beams with a=40mm™* and radii (a) 2mm; (b) 3mm

The hard-edge aperture and Gaussian aperture are two most
commonly used apertures, for which we calculated their respective
space spectra with a=40cm’l, Fig. 2 shows the spectrum with a hard-
edge aperture; the aperture radii corresponding to Fig. 2 (a) and
(b), respectively, are 2mm and 3mm. Fig. 3 is the space spectrum
with a Gaussian aperture, and the aperture radii corresponding to
Fig. 3 (a) and (b) are, respectively, 2mm and 3mm. The spectra

feature a peak value of higher intensity; its location rholax is
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derived from o«/2M; its width is inversely proportional to the
diameter of aperture, while its altitude is directly proportional
to the aperture diameter. The width of the éentral major maximum
of the Bessel beam is 1/a; therefore, the smaller this width, the

larger p,,, can be.
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Fig. 3. The space spectra of the Gauss-Bessel beams
with o=40mm™* and Gaussian radii (a) 2mm; (b) 3mm

By calculating the propagation of the Bessel beam after axicon
transformation, it was found that a negative axicon can increase
the axial light intensity but decrease the 2z,,, the distance at
which the beam basically remains unchanged; in contrast, a positive
axicon will decrease the axial light intensity with increase in
zl“[lol. Hence, an axicon not only can be used to generate Bessel
beams, but also is a powerful tool in transforming Bessel beams.
The transmittance of the axicon can be derived from the following
formula: '

T(r) = exp(L iyr) | (6)
The symbol plus corresponds to the negative axicon, while the
symbol minus corresponds to the positive axicon. At this instant,

the spectrum should be:
G(p) = 2n ff(r) exp(+ iyr) Jo(ar) Jo(2npr)r dr (1)
[]

Eq. (7) suggests that following axicon transformation, the spectrum
of the Bessel beam will be a plural number. At the spectrum face,

the negative and positive axicons share the same intensity
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distribution but will differ in phase distribution by a minus,
which is extremely important in understanding the effects of the
negative and positive axicons.g Fig. 4‘is Fig. 2(a) as follows: the
space spectrum of the Bessel beam with a hard-edge aperture after
passing through a negative axicon, y=10mm4. Fig. 4(a) is |G(p)},
while Fig. 4(b) is the phase distribution. With an axicon, the
spectrum changes from one main peak to two main peaks; the
locations of the two peaks are, respectively, the difference and
sum of the axicon frequency and the original Bessei beam frequency,

because the two frequencies are in multiplication relations.
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Fig. 4. Space spectra of the circular truncated

Bessel beams passing through a negative axicon.

(a) absolute amplitude distribytion

(b) phase distribution, a=40mm™*, circular radius
is 2mm, y=10mm

Noting that the focal plane of lens can produce beam spectra, it is
assumed that Fig.l(b), Fig. 2 and Fig. 3 actually show the
amplitude distribution at the lens focal plane. The result given
in Fig. 1(b) is interesting, which indicates that an ideal Bessel
beam cannot be focused. 1Indeed, an ideal bessel beam cannot be
focused in reality, because this requires that the radius of lens
be infinite. However, it can be seen from Figs. 2 and 3 that the
more ideal the Bessel beam is, the smaller the axial 1light
intensity. Eq. (5) provides the light amplitude at the focal point
of the apertured Bessel beam; generally speaking, the larger the
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aperture, the larger the a, and the smaller the light amplitude at
the focal point. Reference [8] discusses the focusing of the

Bessel beam, Eqﬁ (5) serving as its supplement.
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Fig. 5. Axial intensity distributions
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a=40mm ™, radius is 2mm (b) after
low-pass filterﬁng of (a), cut-off
frequency 7.0mm (c) after bandpass
filtering o% (a), passband is

6.26-6.48mm

3. Discussion of Propagation of Apertured Bessel
Beam in Terms of Space Spectrum

The space spectrum of an ideal Bessel beam is a function of 3,
and the role of an aperture is to excite many Bessel beams with
other space spectra. Thus, the propagation of an apertured Bessel
beam can be regarded as the result of interference from many Bessel
beams (weighted according to spectra in Figs. 2 and 3). For

instance, the axial amplitude can be derived from the following

formula:

E(z) = J.G(p) exp(ifz)p dp
¢ (8)

where f=VE = (2ap)~k— (27p)*/2k , k is the number of waves. Eq. (8)
can be written as follows:

I 2
E(2) = exp(ikz) J‘G(p) exp[— i (Z;f) :]p dp
[}

(9)

/e




Eq. (9) very much resembles the interference from a fraction of the
coherent light of nonrigorous monochromatic light(11]. 2z,,. the
diétance at which the axial amplitude basically remains unchanged,
depends on Jaw , the effective width of G(p): the smaller the
AV . the larger the z,,, and visa versa. The term effective
width is used because G(p) is fairly complex, and its width cannot

be given as easily as the Gaussian function.

For an ideal Bessel beam, its spectrum is a function of 3
[Eq. (3)], and its axial amplitude given in Eq. (11) is a constant.
When the beam is apertured, G(p) is no longer a function of § but
a function of distribution; E(z) is a function of distance. It is
easy to understand that if G(p) changes, E(z) will be also change.
For a hard-edge apertured (small hole) truncated Bessel beam, E(z)
takes the form of a curve as shown in Fig. 5(a) (a=40mm4; the
aperture is 2mm). Although E(z) remains basically unchanged within
the more

the distance 2z E(z) is fluctuating; the closer to z

vibrating E(z)lgan be. In actual applications, E(z) islixpected to
be unchanged (such as in laser boring), or z,, is expected to be
larger (such as in 1laser collimation), which can be realized
through space spectrum filtering, such as through the solution of

the following formula:

1, 2 < 2o
0, 2> Zna

fG(p) exp[— § (2”‘0)2 ] dp = { (10)
]

In fact, Eq. (10) is an ideal formula and is not 1likely to be
solved in a strict sense, but can be solved in the sense of minimum

variance.

The exponential factor in Eq. (9) indicates that when z 1is
fairly small, the vibration of axial intensity originates from a
large space spectrum component, and can be reduced by filtering the
high frequency component as seen in Fig. 5(b). Fig. 5(b) shows the
-1

result of filtering the above-7.0mm * light from the space spectrum,

where the vibration frequency of axial intensity has been greatly

n



reduced. By narrowing the space spectrum distribution G(p), Zha1
can be enlarged as shown in Fig. 5(c), which can be achieved, of
course, at the expense of a decrease in light intensity. In

addition, Eq. (9) can be written as:

EG) = J: 16> | expip(o) — i Z2E22Y 5 4, (11)
In Eq. (11), the phase factor exp(ikz) that does not affect the
light intensity is omitted, where ¢(p) is the phase factor of G(p).
The second phase factor in Eq. (11), [(2ﬂp)2/2k]z, suggests that
the light with a high space spectrum underwent a greater phase
change than the light with a low space spectrum; the phase factor
¢(p) put a phase difference between the two lights in advance.
Noting the phase distribution of the space spectrum of the axicon,
it is easy to comprehend the transformation of the Bessel beam by
the axicon. For instance, the spectral energy of a negative axicon
in Fig. 4 is concentrated at two peaks: the low-frequency peak
(a-y) /20 (approximately 4.77mm’!), and the high-frequency peak
(a+y) /2N (approximately 7.96mm4) [Fig. 4(a)]. From the view of
phase distribution, at 4.77mm4, the high frequency is lagging and
the low frequency is advancing, while at 7.96mmﬂ,the situation is
just the opposite. Thus, at 4.77mm4, the spectral phase ¢(p)
forces the phase factor in Egq. (11) not to exceed N over longer
distances, and thus increase Zgay - Literally speaking, the factor
that runs slower runs first, and the factor that runs faster runs
later so that they can keep basically the same phase over a longer
distance. While the spectral peak at 7.96mm". shows an entirely
different picture, i.e., the factor that runs faster runs first,
and the factor that runs slower runs later; as a result, the phase
is compensated and interfered, and the spectral peak no longer is

in effect.

Since the space spectrum of the effective spectral peak is
smaller than that without the negative axicon, the width of the
central major maximum of the beam will increase (approximately 1/a)
with the negative axicon compared with its original width. The

13



case is reverse with the positive axicon.
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Fig. 6. Space spectrum of the supergaussian-bessel

beam [Eq. (15)1], «=40mm™!, w=2mm

Eq. (9) indicates that if G(p) has a peak value at p=p,,, and
the effective width is Jpr , then when p,, is much larger than
M+ Zgye the distance, at which E(z) basically remains

unchanged, can roughly be given in the following formula:

____4"’P~;=3Pm;mg,, (12)

For the circular-hole apertured bessel beam, pmu=a/2n,
Apen can be regarded as the frequency corresponding to the first
dark ring of the circular hole, i.e., the selection of

is reasonable, where D is aperture. Therefore,

Zeax & 7D/ al (13)
This is the result presented in reference ([2]. Of course, the
foregoing selection of p, is somewhat random but reasonable,

which suggests that it is rational to discuss the propagation of an

apertured Bessel beam from the angle of space spectrum.

Also, we can reach another conclusion: for gently changing

beams including Gaussian beam,hmgzo. In this case, Eq. (12) is not

19




applicable; instead, we must use

(2“)9«1)2_ ~ i-
Ty e (14)

By comparing Eqs. (14) and (12), it is easy to find that the
distance, at which the axial intensity basically remains unchanged,
is much greater in the apertured Gaussian beam than in the
apertured Bessel beam, because the change of axial intensity
basically reflects the diffusion of the beam. Based on this, we
can conclude that the propagation property of the Bessel beam is

poorer than that of the Gaussian beam.

This conclusion may appear surprising. However, just as
Sprangle and Hafizi explained [12], Durnin held that the Bessel
beam has a greater "non-diffusion" distance only because he
evaluated the Gaussian beam radius to be equal to the radius of the
central major maximum of the Bessel beam. 1In fact, the radius of
the Gaussian beam should be evaluated as the entire dimension of
the Bessel beam so that the Gaussian beam should have a greater

"non-diffusion” distance.

If this is so, how shall we understand the "diffraction-free"
property of the apertured Bessel beam? Our point is: when we speak
of the "diffraction-free" property of the apertured Bessel beam, we
mean that its finer central major maximum has a greater "non-
diffusion" distance (e.g., compared with the Gaussian beam of the
same dimension). To possess such a "non-diffusion" property, the
space spectrum of the beam should meet the following two
conditions: 1. The 1light that occupies the majority of energy
should have higher space spectrum so that a sufficiently fine
central major maximum can exist; 2. The space spectrum should be
fairly concentrated so as to ensure a greater "diffraction-free"
distance. Eg. (12) shows that the "diffraction-free" distance Zyax

is inversely proportional to z and p,..-

13x
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4. Space Filtering

Here, space filtering has two implicationsi first, it is
ordinary space filtering, such as the commonly used 4f optics
system, which can, through filtering of the incident apertured
Bessel beam, eliminate (weaken) the vibration of light intensities,

or enlarge z The other implication is that the generation of

iz’
the Bessel beam. Since we already discussed the ordinary space
filtering earlier in this paper, we will focus on the generation of

the Bessel beam here.

Given a beam, its space spectrum can be derived through a
Fourier transform; similarly, given a spectrum, its corresponding
beam can be derived through a Fourier transform. The spectrum
of an ideal Bessel beam has a width équal to the bright ring of

zero; therefore, an approximate beam can be derived through fourier

transformation of the fine ring. This technique was applied by
Durnin et al., in generating the Bessel beam in their first
demonstrative experiment[3]. In that case, with an appropriate

space filter, the required spectrum distribution can be obtained
from the incident plane wave. This technique can be used to
generate the required truncated Bessel beam. For instance,
calculations show that the following Super-Gaussian-Bessel (SGB)
beam is a "real" diffraction-free beam over a particular
propagation distance; the change of its intensity distribution is
much smaller than that of the hard-hole truncated Bessel beam and

virtually unchanged[13]:
v (r) = exp — (%) “] JoCar) (15)

We can calculate the spectrum in Eq. (15). For instance, in

Fig. 6, let a=40mm4, and w=2mm, the spectrum is solid. With this,
the Super-Gaussian-Bessel beam can be realized by making a
corresponding filter through photography or space optical modulator
plus a simple lens.



5. Conclusions

The Bessel function is the soluti&n of the Helmholtz equation,
while the space spectrum of an ideal Bessel beam is a function of
5 (actually, a ring face due to columnar symmetry). When a beam is
apertured, its space spectrum expands to generate Bessel beams with
other space spectra, and the field is coherent superimposition of

these Bessel beams. In z the vibration of axial light intensity

nax’
originates from the contribution of the space spectra away from the
center. By filtering the 1light of these space spectra, the
vibration of the axial light intensity can be eliminated, which is
favorable to some applications (such as laser boring).

In addition, z the distance, at which the central major

pax’
maximum of the apertured Bessel beam remains basically unchanged,
primarily depends on the width of the Fraunhofer diffraction of the

aperture major maximum; z_ . can be increased through decreasing the

ax
foregoing width. It is e;sy to comprehend the effect of axicon on
the apertured bessel beam from the angle of space spectrum. The
space spectrum filtering can be either amplitude filtering or phase
filtering (in the case of axicon). Generating the required
apertured Bessel beams, including the supergaussian—-Bessel beam
from the view of space spectrum proves to be a truly simple

technique.
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