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We experimentally characterized the laser-induced thermal effect on fused silica and established
a method to remove the thermal load using passive optics. Based on the formula analyzed in [J. Kor.
Phys. Soc. 69, 1531 (2016)], we were able to determine the specific length of the compensating ma-
terial to remove the thermal effect. Remarkably, the thermal compensation was observed when the
compensating material was placed before or after the material subject to thermal lensing. Our results
demonstrate that one single passive optic can be used to overcome the thermal effect for various laser
powers without any additional optics.
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1. Introduction

There is a growing need to preserve excellent
spatial laser beam profiles in response to the ris-
ing demand for high-power laser technologies in in-
dustrial applications such as laser machining, pat-
terning and drilling as well as in various research
fields, including quantum optics, nonlinear optics,
fusion, and interferometry [1–8]. As a specific ex-
ample, in the emerging research field of gravita-
tional wave detection [9–11] (i.e., laser interfero-
meter gravitational wave observatory (LIGO)), the
laser beam quality is critical for the detection of
small gravitational wave signals (the required laser
M2 value is ≈ 1.1). However, when optical elements
are introduced in a nonuniform spatial profile of the
laser (for example, the Gaussian TEM00 mode), the
absorbed power from the laser causes a refractive
index change by temperature distribution (ther-
mal lensing) and surface deformation of the optical
element (physical expansion of the optics).

As the input laser beam always generates a ther-
mal gradient across optical elements (even in the
case of a flat top spatial profile of the input laser
beam), thermal lensing and physical expansion of
the optics eventually occur. This, in fact, initiates
unwanted laser modes or thermal aberrations. Sev-
eral theoretical studies on the thermal effects of
lasers are reported [12–22] and many techniques
have been proposed to overcome the thermal dis-
tortion of a laser beam, such as using compensating
materials with temperature derivatives opposite of

the refractive index [9, 10, 23, 24], laser heating and
electrical heating of optical elements [24, 26, 27],
tunable liquid crystals [28] and deformable mir-
rors [29]. Among these efforts, Mueller et al. [9]
used a passive material — FK51 glass from Schott
with dn

dT = −6× 10−6 K−1 — to compensate for
thermal lensing in the terbium gallium garnet
(TGG) crystal. The FK51 glass was placed behind
the TGG and the thermal compensation was moni-
tored with the use of a probe beam. The experiment
showed a reduction in the higher-order spatial mode
generation in TGG by a factor of 10. These re-
sults demonstrated that a passive material having
a negative temperature derivative of the refractive
index could be used to compensate for the ther-
mal effect on optics. However, the physical expan-
sion of the material by laser heating was overlooked.
It should be noted that the thermal expansion co-
efficient TGG (9.4 × 10−6 K−1 [19]) is compara-
ble to the temperature derivative of its refractive
index ( dn

dT = 20 × 10−6 K−1 [19]) and therefore
both contributions should be considered equivalent.
In addition to the problem of thermal expansion,
Mueller et al. [9] assumed that the diameter of the
optics was much larger than the beam radius. The
case of a larger incident beam size, which is compa-
rable to the size of the optics, should, however, be
calculated in a different way.

We have carefully analyzed the temperature pro-
file induced by a Gaussian laser including the phys-
ical expansion of optics [18–20]. We have deter-
mined the theoretical existence of a general relation
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to establish the material length for the negative
temperature derivative of the refractive index of
the compensating material for the given optical and
thermal coefficients. Depending on where the com-
pensating material is placed (i.e., before or after the
material subject to thermal lensing), we could cal-
culate the theoretical values of the lengths of the
compensating material working within a moderate
power range.

Based on the previous studies, we introduced two
materials with negative temperature derivatives of
the refractive index, i.e., sodium chloride (NaCl)
and barium fluoride (BaF2), to compensate for the
thermal beam distortion. The thicknesses of the
two materials were determined using the previously
proposed formulae in [19]. We have noted that the
equation could be universally applied to a broad
range of laser powers. More importantly, it is irrel-
evant whether the compensating material is inserted
before or after the material subject to thermal lens-
ing as long as the proper length of the compen-
sating material is chosen. A single compensating
optical element provides a powerful method to self-
adaptively work with various laser powers without
the need for any other external parameter.

2. Experiment

A diagram of the experimental setup is shown
in Fig. 1a. A 632 nm continuous wave He:Ne laser
was used to investigate the thermal lensing effect on
fused silica. For all measurements, the laser power

of the He:Ne laser was maintained at 10 mW. We
chose fused silica (25.4 mm diameter and 1.5 mm
thickness) as the test material for thermal lensing
because most practical optical elements are made of
this material. However, our results are quite generic
and applicable also to other materials.

To generate the thermal effect, the light from
a self-designed Nd:YVO4 laser (1064 nm) of various
laser powers (1, 4, 8, 12 and 15 W) was incident
on fused silica and the beam radius of the He:Ne
laser was measured at every 100 mm interval using
a CCD camera. The lens L6 in Fig. 1a was used to
focus the Nd:YVO4 laser and generate 30 µm laser
beam diameters on fused silica. We placed a dichro-
matic mirror at 45◦ before the CCD to avoid the in-
cidence of the 1064 nm beam on the CCD. The other
dichromatic mirror was immediately used after the
He:Ne laser to combine the He:Ne and Nd:YVO4

laser beams.

Figure 1b shows the He:Ne laser beam diverging
owing to the heating of fused silica by the Nd:YVO4

laser. The origin (0 mm) on the x-axis corresponds
to the position of fused silica.

As shown in Table I, fused silica has a positive
temperature derivative of the refractive index: the
increased laser heating results in greater curvature
of the convex lens. Since the beam waist was po-
sitioned after the fused silica and no thermal com-
pensation was applied, a higher heating effect and
rapid divergence appeared, as seen in Fig. 1b. The
solid lines depict the curve fittings using [30]:

Fig. 1. (a) Schematic of the experimental setup for thermal lens compensation. W1 and W2 represent fused
silica and the compensating material, respectively. We also performed the measurement after swapping the
positions ofW1 andW2 (i.e., compensating material is placed first followed by fused silica). L1(L4) and L2(L5)
in the figure are biconvex lenses to collimate the He:Ne(Nd:YVO4) laser. The collimated He:Ne and Nd:YVO4

beams are focused on the sample by focusing lenses L3 and L6 for each of them. M1 and M2 are dichromatic
mirrors transmitting at 632 nm and reflecting at 1064 nm. (b) Beam waist divergence of the He:Ne laser with
and without thermal lensing in fused silica. Scattered plots indicate experimental measurements and the solid
lines are fitting curves. (c) Focal length variation of fused silica with increasing the laser power. The solid red
line is the curve fitting with 1/(a+ bx), where a and b are fitting parameters and x is the laser power.
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TABLE IOptical and thermal parameters of various optical materials determined in [19].

Material n dn
dT

× 10−6 [1/K] α× 10−2 [1/m] κ [W/mK] αth × 10−6 [1/K]

fused silica 1.4492 10.1 0.10 1.38 0.5

NaCl 1.53153 −40.83 0.07 1.15 44

BaF2 1.4685 −15.2 3.21 11.72 18.1

ω (z − z0) = ω0

√
1 +

(
z − z0
zR

)2

, (1)

where ω (z) is the radius of the laser at z, ω0 is the
smallest beam radius (beam waist) and z0 is the
position of the beam waist. The Rayleigh range is
defined as zR =

πω2
0

λ (λ = 632 nm — the wavelength
of the He:Ne laser). In these studies, we used ω0 and
z0 as the fitting parameters.

The ABCD matrix [30] for the simple lens is given
as [30]:(

A B

C D

)
=

(
1 0

− 1
f 1

)
,

and then the complex composite q is defined using
ω(z) and R(z) (the radius of the beam at position
z) as follows [30]:

1

q(z)
=

1

R(z)
− iλ

πω(z)
2 . (2)

We can relate the value 1/qout obtained immedi-
ately after the lens, with the value 1/qin obtained
immediately before the lens, as [30]:

qout =
Aqin +B

Cqin +D
. (3)

Therefore, the focal length of the thermal lens
can be calculated for each laser power, as shown
in Fig. 1c. The scatter plots (Fig. 1c) are based
on (3) and show that the focus becomes shorter with
increasing the laser power. Following our previous
analysis of thermal lensing (see (16) in [20]), the fo-
cal length variation induced by the laser power is
proportional to 1

a+bx , where a and b are constants
(fitting parameters) and x is the laser power. As in-
dicated by the solid red line in Fig. 1c, one can see
the excellent agreement between the fitted results
and those of our experimental measurement.

In [19], we derived the analytical expression for
temperature for the cylindrical geometry using the
Bessel functions and the optical path length changes
along the radial direction, including the physical
expansion of the optics, were calculated based on
the temperature profile of the optics. If the com-
pensating material has the same radial dimension
as the thermal lensing optics, it is easy to find
the condition to achieve a zero optical path length
∆l (r) + ∆l

′
(r) = 0, where ∆l (r) and ∆l

′
(r) are

the optical path lengths through the thermal optics
and the compensating material, respectively, given
as a function of the radius.

In this way, we can determine the proper length
of the compensating material [19]. For this purpose,
we can use the expression

l = − 1

α′
log

[
1 +

dn
dT + αth (n− 1)
dn′

dT + α
′
th(n′ − 1)

κ
′

κ

1− e−αl

e−αl

]
(4)

to obtain the length when the compensating ma-
terial is placed after the thermal optics or, if it is
placed before the thermal optics, one uses other ex-
pression

l
′

= − 1

α′
log

[
1 +

dn
dT + αth(n− 1)
dn′

dT + α
′
th(n′ − 1)

κ
′(

e−αl − 1
)

κ

]
(5)

Above, dn/dT is the temperature derivative of
the refractive index. Next, α, αth, n, and κ are the
absorption coefficient, the thermal expansion coeffi-
cient, the refractive index, and the thermal conduc-
tivity of the optics, respectively. The presence of
the prime symbols of each parameter and, respec-
tively, their absence indicates the properties of the
material subjected to thermal lensing and those of
the compensating optics, respectively. The optical
path length is given by [19]:

∆l (r) =

L∫
0

(
dn

dT
+ αth (n− 1)

)
∆T (r, z)dz, (6)

where ∆T (r, z) and L are the temperature rise at
the coordinate (r, z) and the longitudinal length of
the optics, respectively. Importantly, the total sum
of dn′

dT +α
′

th(n
′−1) should be negative, not just the

dn′

dT value, to compensate for the thermal load from
the test optics. Once the material having a negative
value of dn′

dT +α
′

th(n
′−1) is determined, we can cal-

culate the length l or l′ of the compensating mate-
rial which will apply to all higher-order thermal dis-
tortions. Additionally, this length will compensate
for the beam distortion from the thermal lens for
any laser power because (5) and (6) do not include
power-dependent terms, as aforementioned in [19].

3. Results and discussion

To minimize the thermal effect induced by the
Nd:YVO4 laser heating on fused silica, we chose
NaCl as the compensating material because it has
a very large negative temperature derivative of
the refractive index −40.83 × 10−6 K−1, as shown
in Table I. Based on the optical and thermal param-
eters listed in Table I, we calculated the thickness
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Fig. 2. (a) Thermal compensations (blue and
green) using NaCl for 12 W Nd:YVO4 laser heating.
(b) Spatial beam profile after compensation.

of NaCl using (5) and (6). The required thickness of
the NaCl window is ≈ 1.4 mm for both placements
(i.e., before and after fused silica).

We performed the experiment with a commer-
cially ready-made 1.5 mm NaCl window. Figure 2a
shows the beam diverging (magenta) from the 12 W
Nd:YVO4 laser heating. The black curve is the orig-
inal beam divergence corresponding to the He:Ne
laser without thermal lensing. The blue and green
curves correspond to compensation with two dif-
ferent configurations of the NaCl window. We ob-
served excellent thermal compensation for both
cases. However, the original Gaussian beam profile
of the He:Ne laser was severely distorted after trav-
eling through NaCl, as shown in Fig. 2b. This might
be caused by the fact that NaCl is hygroscopic and
therefore very vulnerable to moisture, even though
it can withstand temperatures up to 400◦C.

To preserve high beam quality along with ther-
mal compensation, we discarded NaCl and chose
BaF2 as another good candidate. Although it
has a smaller negative dn

dT value when compared
with NaCl, its thermal expansion coefficient is also
smaller, as shown in Table I and thus, a large com-
pensating effect can be expected. As previously
mentioned, the negative value of the sum of dn′

dT

and α
′

th(n
′ − 1) is a critical factor to compensate

for positive thermal lensing. The value calculated
using (5) and (6) is approximately 0.8 mm regard-
less of whether BaF2 is placed before or after fused
silica. For the measurement, we used 1 mm-thick
BaF2 from Crystran Ltd. Figure 3a and b repre-
sents the thermal compensations for the two differ-
ent positions of BaF2 and for several laser powers
(given by red, blue, green, magenta and brown col-
ors). The black curve in Fig. 3 corresponds to the
He:Ne laser without thermal lensing. All the curves
in both cases are very close to that of the original
He:Ne curve (black), indicating that our scheme,
based on the theoretical results of (5) and (6), is
well suited to a real situation. Small discrepan-
cies between the compensated He:Ne beams (red,
blue, green, magenta and brown) and the origi-
nal He:Ne beam (black) in Fig. 3a and b could
be due to a small mismatch between the optimal
thickness of BaF2 (0.8 mm) and the actual thick-
ness (1 mm) from the measurement as well as from
the beam divergence when traveling through the op-
tics. The derivation of (5) and (6) in [19] had as-
sumed that the periphery of the optics is cooled
by a heat sink, i.e., it is maintained at a con-
stant temperature, while the boundary condition

Fig. 3. Thermal compensations using BaF2 placed (a) before and (b) after fused silica for various laser powers.
For easy comparison, the y-axis scale is the same as that in Fig. 1b. (c) Beam profile of the He:Ne laser after
thermal compensation. (d) Focal length variations with (blue) and without (red) thermal compensation when
BaF2 was placed after fused silica. (Similar focal length variations were acquired for the different BaF2

positions.).
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of the two sides of the cylindrical geometry of the
optics was approximated as dT

dz |(at z = 0 and l) = 0.
However, the air convection, including the Stefan–
Boltzmann radiation, at the two sides of the cylin-
drical geometry of the optics should be considered
to obtain a higher order of precision in the length
calculation of the thermal compensating material.
Apart from these facts, comparing Fig. 3a and b
with Fig. 1b, we can see a good agreement with
the theoretical results in both cases. Moreover, the
spatial beam profile of the original TEM00 Gaussian
He:Ne laser was preserved, as shown in Fig. 3c.

For a more systematic analysis, we calculated the
focal length of the system using (3) and for easy
comparison, we plotted the thermally compensated
focal lengths with the focal lengths under thermal
effect alone, as shown in Fig. 3d. In the case of
thermal lensing, the focal length changes are in-
versely proportional to the input laser power, as
aforementioned and shown in Fig. 3d in red. In the
case of good thermal compensation, the focal length
would be quite large and remain approximately con-
stant with a change in the laser power because there
is no power dependency in thermal compensation,
as mentioned and shown in Fig. 3c. Our results
demonstrate that thermal lensing can be effectively
compensated for a broad range of Nd:YVO4 laser
powers by simply inserting a single optic.

4. Conclusion

The use of (5) and (6) (or formula (16) and (18)
in [19]) is essential for determining the length of the
compensating material. When the proper length of
the material is determined, a single passive mate-
rial can be introduced before or after fused silica
to adaptively compensate for thermal lensing with-
out adjusting any external parameters for different
laser powers. This is important because if a single
compensating optic can remove most of the thermal
effects and operate without any external parame-
ters, the system design can be more compact and
cheaper. The analysis in this manuscript can be
directly applied to the evaluation of a proper com-
pensating material.

It should be noted that our present result fo-
cuses on removing thermal lensing from a high-
power laser.
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