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Abstract The transmittance of a transparent plate is the-
oretically and experimentally investigated, taking into ac-
count Fabry—Perot effects due to Fresnel reflections of a
Gaussian beam on the boundaries of a plate. On the basis of
these theoretical and experimental predictions, we present
the application of a variable laser attenuator based on a thin
transparent plate and a temperature regulation. Here, the ab-
sorption of the laser energy in the plate should be as low
as possible, and its transmittance is changed by the interfer-
ence due to the different thicknesses and refractive indices
for the different temperatures of the plate. Therefore, such
an attenuator can be used for a broad range of wavelengths
and high-energy laser applications.

1 Introduction

The ideal laser attenuator should enable a uniform power
reduction over a wide dynamic range, should not signifi-
cantly affect the beam’s polarization and geometrical (diam-
eter, divergence, intensity profile, direction) properties [1],
and should have a simple, robust, and inexpensive mechani-
cal and optical design [2]. In the case of a high-energy-laser
attenuator, the main obstacles arise from damage and heat-
ing instabilities [3]. Since these phenomena are strongly re-
lated with the absorption of laser energy, the absorption of
the laser light within the attenuator should be as low as pos-
sible, especially in high-power laser systems.

This paper describes the attenuation of laser beam by a
transparent plate. Here, the attenuation is achieved by the
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interference of the multiple reflected beams due to Fresnel
reflections on the plate’s surfaces rather than by the absorp-
tion within the plate. Since no coating is involved, such an
attenuator enables high-power handling and can be used for
a broad range of wavelengths. However, an appropriate plate
material should be selected (e.g., borosilicate glass for visi-
ble light and near IR, or sapphire for near and middle UV)
in order to avoid the absorption within the plate. The varia-
tion of attenuation can be achieved by changing the number
of plates being utilized, by a tilt of a single window [4, 5],
or by changing the thickness of a single window [6]. Our
experiments show that changing the thickness of the plate
by heating is the most promising technique to achieve the
precise variation of laser-light attenuation with interference
on a transparent plate. Additionally, with this technique a
very accurate and consequently complex and expensive tilt-
ing mechanism [1] can be avoided.

The widest dynamic range of the attenuation by the inter-
ference effects at a transparent plate is achieved at large inci-
dent angles of the laser beam. Unfortunately, large incident
angles cause noticeable beam’s parallel shift and also spoil
the beam’s intensity profile when a thick plate is used. To
avoid this unwanted effects, we used a thin (140 pum) trans-
parent plate in our experiments. We also present how small
wedge angles of the transparent plate reduce the dynamic
range of the interference attenuator. Although this effect is
often neglected [4], it is not negligible.

2 Attenuation principle
A transparent plate made using a material with the refractive
index n and thickness d can be considered as a Fabry—Perot

etalon having two reflecting surfaces that have the reflectiv-
ity R(6;) and are separated by a distance d (see Fig. 1). The
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Fig. 1 The propagation of a Gaussian beam through the dielectric
plate of thickness d and refractive index n. Lines represent the axes
of successively transmitted beams. During the measurement, all the in-
tensity of the transmitted beams is collected on a photo-detector (PD)

surface reflectivity R(6;) depends on the incident angle 6;
and polarization of the light, and can be described by Fres-
nel equations:

I, I,
R(®) = 7Rs(9i) + TRp(ei)v

o _ (Sin@ —6) 2 o _ (1@ —6) 2
i <sin(9t +9,»)> ’ P (tan(e, +9,-)) '
Here, the subscripts s and p stand for the linear polarizations
perpendicular (s-polarization) and parallel (p-polarization)
to the plane of incidence, respectively; I is the incident in-
tensity; and the angle of refraction 6, can be calculated us-
ing Snell’s law. The intensities for both polarizations are de-
noted by Iy and I, respectively.

When a monochromatic laser light is incident upon a
transparent plate, multiple reflections take place inside the
plate, leading to successive reflected and transmitted beams.
If the laser beam can be described as the fundamental mode
of a coherent Gaussian beam and the absorption within the
plate is neglected, the power transmittance of the interfer-
ence attenuator can be calculated using the Jones matrices
[6]. Since a detailed theoretical derivation can be found in
[6], we will show here only the final results.

Figure 1 shows a Gaussian beam that is incident upon a
dielectric plate, making an angle 6; with the surface normal.
From the geometry presented in Fig. 1, it can be seen that
the transverse displacement

ey

Ax = 2d tan 6, cos 6; 2)

between the two adjacent, reflected beams appears in addi-
tion to the path difference § between the successive trans-
mitted beams:

6 =2kdn cosb;. 3)

Here, k = 27 /X is the wave number, and A stands for the
wavelength of the laser light in the vacuum.

The power-transmission coefficient for a Gaussian beam
with the beam-waist radius wo propagating through the
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transparent plate can be described by [6]:

759 = (1= RGN Y. Y REG)"™

=0 m=0
Ax? 2
X exp{—m(m —1) }cos((m —1)d). “)
0

In the limit of the plane wave (wg — 00), the term in
the curly brackets in (4) goes to zero, and the power-
transmission coefficient for the dielectric plate yields the
well-known Airy function [7]:

1
PW) _
T sin2(8/2) ®

(1-R())?
where T }()PW) stands for the power-transmission coefficient
for a plane wave.

On the other hand, if the light is incoherent, there is no in-
terference between successively transmitted beams and the
transmittance of a transparent plate can be described as:

o0 2
(NC) _ 2 (1 —=R())
T." =1 -R) ;)R = T"RG) (6)

Figure 2 shows theoretical transmittance of a coherent
light as a function of the incident angle. Calculations were
performed for the laser wavelength A = 633 and refractive
index n = 1.52. Theoretical results were determined for both
polarizations, different beam-waist radii and different thick-
nesses of the plate in order to show the influence of the po-
larization of incident light, the influence of the plate thick-
ness on the period of oscillations, and the influence of the
ratio between the plate thickness d and the beam waist ra-
dius wg. The black line in Fig. 2 shows theoretical result for
an incoherent light, defined by (6).

The comparison between the s- (Fig. 2(a)—(c)) and p-
polarization (Fig. 2(d)—(f)) of the incident light reveals that
the polarization plays an important role due to the existence
of Brewster angle 0p, defined as tan(6p) = n. In the case of
the p-polarized light, the incident light is perfectly transmit-
ted through the plate, with no reflections, when the incident
angle is equal to the Brewster angle. Therefore, at that angle
the transmittance oscillations disappear.

Equation (3) shows that the phase-shift difference be-
tween the successive transmitted beams with respect to the
incident angle depends on the thickness d of the plate. Fig-
ure 2 shows theoretical results for plates with thicknesses of
0.14, 0.42, and 0.7 mm. From these results one can see that
the period of oscillations increases with the plate’s thick-
ness.

The term in the curly bracket in (4) shows that the inter-
ference oscillations depend on the ratio between the plate’s
thickness d and the beam waist radius wq. If this ratio is
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Fig. 2 Theoretical transmittance as a function of the incident angle for s- and p-polarization. The transmittance is shown for different thicknesses
of the plate d as well as for two different beam-waist radii wg. The solid black curve shows the transmittance for incoherent light (see (6))

much smaller than 1, the results are similar to results for
the plane wave, which is not spatially limited, and therefore
the peak values of transmittance oscillations are near 1 for
all the incident angles. This phenomenon can be seen from
results, shown in Fig. 2(a), (b), (d), and (e), which are calcu-
lated for the ratio d /wg = 0.35. On the other hand, increas-
ing the ratio d /wq decreases the peak values of interference
oscillations at large angles, as can be seen from Fig. 2(c)
and 2(f). This happens because the Gaussian beam is spa-
tially limited, and therefore the successively reflected and
transmitted beams are only partially overlapped.

The overlapping between the reflected beams depends on
the transverse displacement Ax, defined by (2). This trans-
verse displacement for a 5-mm-thick dielectric plate as a
function of the incident angle is shown in Fig. 3(a). It has
a maximum for the incident angle

0; = arcsiny/ n?2 —nvn? —1

(6; = 49° for n = 1.52), and at that angle the maximum
transverse displacement equals

AXmax = 2d\/2n2 —1-2nvn2-1

(Axmax = 3.75 mm for 5-mm-thick plate).
Figure 3(b) shows theoretical transmittance of a 5-mm-
thick transparent plate as a function of incident angle. In
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Fig. 3 (a) Evolution of the transverse displacement Ax as a function
of incident angle for the 5-mm-thick plate with n = 1.52. (b) Theo-
retical transmittance as a function of incident angle for the beam with
radius 0.4 mm and the 5-mm-thick plate with n = 1.52

this case, the interference oscillations for the beam with the
radius of 0.4 mm occur only for incident angles 6; < 13°
and 6; > 81°. Atall other angles the transverse displacement
Ax is larger than the beam diameter (2wg), and therefore
successively transmitted beams do not overlap anymore and,
consequently, the interference oscillations disappear.
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Fig. 4 (a) The measured parallelism for all tested plates. (b) The mea-
sured transmittance as a function of incident angle for the plate with
parallelism of 15 prad. (¢) The measured transmittance for the plates

3 Measured transmittance as a function of incident
angle

For the measurements of the interference phenomena due to
Fresnel reflections on the boundaries of a dielectric plate, we
used a 140-um-thick polished borosilicate glass plate with a
refractive index n = 1.52. The flatness of the plate was A /10
at 633 nm. We tested three plates with equal thickness and
flatness, but different parallelism. The parallelism was mea-
sured by a homodyne quadrature laser interferometer [8].
Here we measured the thickness difference along the plate
(see the inset in Fig. 4(a)). Results for all three plates are
shown in Fig. 4(a)—the measured parallelism was 200, 45,
and 15 prad for the individual plates.

Transmission measurements as a function of the incident
angle were performed with the He—Ne laser beam (A = 633
nm) using the beam-waist radius wg = 400 pm. The spot
size on the plate was w = 448 um, and the radius of curva-
ture was p = 1.98 m. The cylindrical head of the polarized
He—Ne laser was rotated so that the linear polarization of
the probe beam was perpendicular to the plane of incidence
(s-polarization). The plate, maintained at a constant room
temperature, was rotated around the vertical axes with a con-
stant angular velocity. The transmitted light was collected by
a lens and measured by a photodiode located at the focus of
the lens. In this way, the transmission of the plate was mea-
sured as a function of the incident angle 6;. Experimental
results for all tested plates are shown in Fig. 4(b) and (c).

Figure 4(b) shows the measured transmittance for the
plate with a parallelism of 15 urad. A comparison of these
results with the corresponding theoretical results in Fig. 2(a)
reveals a good agreement between the experiment and the
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with parallelism of 45 prad (the gray curve) and 200 prad (the red
curve). The black curves show the theoretical result for incoherent light

(see (6))

theory. However, in contrast to the theoretical predictions,
the experimental results show a larger decrease in the inter-
ference maxima at large angles. This happens because the
dielectric plate’s surfaces are not perfectly parallel; instead,
they form a small wedge. The wedge changes the plate’s
thickness, so particular points of the probe-beam profile ex-
perience different transmittance. This has been proven by
measuring the transmittance of plates with equal thickness
and flatness, but different parallelisms.

The gray and the red curves in Fig. 4(c) show the mea-
sured transmittance for the plates with parallelisms of 45
and 200 prad, respectively. It is clear that the interference
maxima decrease when the wedge increases from 15 prad
(the gray curve in Fig. 4(b)) to 45 prad (the gray curve in
Fig. 4(c)). In the case of the plate with a parallelism of
200 prad, i.e., the 200-nm change in plate’s thickness at 1
mm, which approximately corresponds to a A/4-change of
the plate’s thickness within the probe-beam diameter, the
measured transmittance conforms to the transmittance of the
incoherent light. This phenomenon can be seen by a compar-
ison between the black and the red curves in Fig. 4(c). Here,
the solid black curve shows theoretical transmittance for the
incoherent light (see (6)). From measured results in Fig. 4
it can be concluded that small wedges reduce the interfer-
ence fringes, and therefore reduce the dynamic range of a
transparent plate applied as an interference attenuator.

When a transparent plate is applied as an interference
attenuator, the attenuation can be changed by the inci-
dent angle, as was shown with the theoretical results in
Fig. 2 as well as with the experimental results presented in
Fig. 4. Therefore, we measured the transmittance of a pulsed
Nd:YAG laser (Quantel, Brio, A = 1064 nm) as a function
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Fig. 5 The measured transmittance of a pulsed Nd:YAG laser as a
function of incident angle. Each point is an average of 50 measure-
ments. The black curve shows the theoretical result for incoherent light

(see (6))

of the incident angle. The laser pulses with duration of 4 ns
had energy of 100 mJ. Measurements, performed in steps
of 0.2°, are shown in Fig. 5. Each point is an average of
50 measurements. From these experimental results it can be
estimated that the full-width-at-half-maximum for a single
fringe is about 0.5°. Therefore, it can be concluded that this
technique requires a precise positioning system.

4 Application of a laser attenuator

Measured and theoretical results, presented in previous sec-
tions, show that it is difficult to control the plate’s transmit-
tance with the incident angle. A more accurate manipulation
can be achieved by changing the plate’s thickness. This can
be done most conveniently by heating the dielectric plate.

The change of a phase-shift difference for one round trip
in the plate, §, in a linear approximation depends on the
plate’s temperature change as:

S(AT) =~ 2knodo(1 + (a + %)AT) cos(6;). @)
Here, AT denotes the temperature change; ng and dy are ini-
tial refractive index and the plate’s thickness, respectively; «
is the linear temperature coefficient; and dn /0T shows the
change of the refractive index with the plate’s temperature.
Figure 6 shows a prototype of the attenuator based on
the temperature-dependent interference effects at a transpar-
ent plate. Here the 140-um-thick borosilicate glass plate is
put between two 8-mm-thick aluminum layers. The plate is
heated by heating-resistors which are inside the aluminum
layers and can heat the plate from the room temperature to
120°C. The reason that we have chosen a 140-um-thick plate
is that a thin plate does not significantly distort the intensity
profile of the transmitted beam. Another reason is that the
parallel shift of the incident beam depends on the plate’s
thickness as AX = d cos(6;)(tan(d;) — tan(6;)). Therefore,

Fig. 6 A prototype of an attenuator based on the tempera-
ture-dependent interference effects. The 140-pm-thick transparent
plate (TP) is put between two 8-mm-thick aluminum layers. Heat-
ing-resistors are used for temperature regulation

photodiode

Fig. 7 Experimental setup for measurements of the attenuator’s trans-
mittance

in the case of 140-um-thick borosilicate plate, this displace-
ment of an attenuated laser beam is small (AX < 100 pm for
incident angles 6; < 70°). Furthermore, since the incident
angle is constant during the variation of the attenuation, the
parallel shift of the incident laser beam is also constant for
the whole range of the attenuation.

The transmittance of the described interference attenua-
tor as a function of the temperature was measured by the
experimental setup, shown in Fig. 7. We measured the trans-
mittance at different plate’s temperatures obtained by differ-
ent powers of the heating-resistors. The plate’s temperature
during the experiment was measured by the infrared ther-
mometer (Optris, LaserSight).

The measured attenuator’s transmittance as a function of
the temperature for the incident angle 6; = 68° is shown
in Fig. 8. The transmittance changes periodically with the
period of ~150 K, while the measured transmittance is in
the interval between 0.35 and 0.96. The black curve shows
a theoretical fit according to (5), where the temperature-
dependent phase-shift difference §(AT), defined by (7), is
involved. The difference in the peak values between the fit-
ted (the black curve) and the measured transmittance ap-
pears because the limited-beam and the wedge effects are
not taken into account in (5).
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Fig.8 Measured transmittance as a function of the temperature for the
incident angle 6; = 68°. The black curve shows the theoretical fit
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Fig.9 Measured intensity profiles of the transmitted beam (a) without
an attenuator, and (b)—(d) with the attenuator at different temperatures

We have chosen the incident angle of 68° because at this
angle the applied plate has the widest dynamic range. As
was shown in previous sections, the dynamic range increases
with the incident angle (see Figs. 2(a) and 4(b)). However,
in order to achieve a wide dynamic range, a plate, which
thickness changes less than 20 nm within the beam’s diam-
eter (i.e., less than 20 prad for the beam diameter of 1 mm),
should be used, as has been shown with experimental results
in Fig. 4.

We also measured the intensity profile of the transmitted
He—Ne laser-beam during our experiments. For this case,
the photodiode in Fig. 7 was replaced with a CCD cam-
era. The profile, measured without an attenuator, is shown
in Fig. 9(a), where the 1D-profile across the dot-dashed line
is shown with the white dashed curve. The dot-dashed line
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is parallel to the optical table (see Fig. 7), and the scale is
shown with the white bar. Then the attenuator, maintained
at room temperature, was placed into the measuring setup.
Figure 9(b) shows the intensity profile for this case. Here, it
can be seen that the parallel shift of the incident laser beam is
approximately AX ~ 90 um, which corresponds to the the-
oretical results for the 140-pm-thick borosilicate plate and
0; = 68°. Figures 9(c) and (d) show the intensity profile of
the transmitted beam during the heating of the plate. The
white dashed curves in Fig. 9(b)—(d) correspond to the 1D-
intensity profile of the used He—Ne laser without the atten-
uator (the 1D-profile from Fig. 9(a)), while the solid yellow
curves show the 1D-profile (across the dot-dashed line) of
the beam transmitted through the attenuator. The intensity
profiles in Fig. 9 are normalized. In the direction perpendic-
ular to the optical table, the intensity profile does not change
significantly during the measurements.

5 Conclusions

The interference effects of a tilted transparent plate for an
incident Gaussian beam have been theoretically and exper-
imentally investigated, taking into account the Fabry—Perot
effects due to Fresnel reflections on the plate’s boundaries.
The presented results show a typical behavior of multiple-
reflected beams interfering with each other, which manifests
itself in the plate’s transmittance oscillations.

We have shown that these transmittance oscillations de-
pend on the incident angle, and therefore can be used for
an attenuation of continuous-wave- and pulsed-laser light.
However, our results reveal that in this case a precise posi-
tioning system is required. Therefore, we proposed a more
accurate manipulation of plate’s transmittance by the heat-
ing of the plate. Here we have shown a prototype of a vari-
able laser attenuator based on the temperature-dependent in-
terference effects, which can be used for high-power laser
applications. Moreover, we have shown that in this case
small wedge angles of the plate play an important role, since
they reduce the dynamic range of such an attenuator.
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