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ABSORPTION MEASUREMENT OF LAYERS OR MATERIALS: HOW TO
CALIBRATE?
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!CEA, DAM Le Ripault, F-37260 Monts, France
2CEA, DAM Centre de Gramat F-46500 Gramat France
*herve.piombini @ cea.fr

Abstract: The knowledge of the absorption in the optical materials is important because it
can generate problematic phenomena (distortion, depolarization, damage...) when high-power
lasers are used. Photothermal Deflection (P.D.) makes it possible to quantify it with the
measurement of the deflection of a probe beam caused by the propagation of a pump laser in
the material or a thin layer. The deflection depends on the thermomechanical parameters and
needs to be calibrated. The purpose of this paper is to present a method for measuring the
absorption and to establish simple ratios to estimate it. This method is supported with a
thermal modeling.

© 2018 Optical Society of America

1. Introduction

The absorption denoted A in the optical material limits their use in the laser field, especially
for high-power laser. The absorption is divided into two terms: one for the scattering denoted
As and the other for thermal absorption denoted Ar. If the first matches the spray of the light,
the second generates heat when optical components are irradiated with high-power lasers.
This temperature rise induces distortions [1-3] of wavefront, self-focusing [4-5],
depolarization [6-7], laser damage [8] and modifications of electronic transport properties [9-
10] . The high-power laser channels require dioptric systems made of highly transparent
materials such as silica and high quality coatings in order to avoid the effects of the thermal
absorption. The excellent transparency of silica is well known for its various applications in
the field of optical fibers. An example of optical losses in fibers as a function of the
wavelength is drawn in Fig 1 [11].
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Fig. 1: Losses in dB-km! as a function of the wavelength for a silica fiber from [11].
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Bentham Company supplied the attenuation spectra of their optical fibers (FOP) in the
spectral range of [200-2200 nm].These fibers contain lots hydroxyl groups (OH") [12], which
are detectable with absorption peaks at 725, 880, 950, 1230 and 1370 nm [13].
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Fig. 2: Losses in dB-km" as a function of the wavelength in ultraviolet (UV), visible and
infrared (IR) range for optical fibers in borosilicate glass (FOP), in pure fused silica (FOP-UV
and FOP-IR) and in low hydroxyl pure fused silica (FOP-NUVIR) and the theoretical limit
[10].

The concentration of OH" free ions plays an important role in silica absorption; the higher the
concentration, the higher the absorption is [12].

Figure 3 gives the intrinsic absorption of different silica materials produced by Heraeus
Company. These values are taken at 350 and 510 nm [13].
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Fig. 3: Bar graph of intrinsic absorption losses in dB-km™ at 350 and 510 nm calculated from
spectra given by Heraeus Company [15].



This bar graph clearly illustrates how is difficult to measure the silica absorption. Most of the
values are lower than 200 dB-km™! (see Fig.3). Sometimes some absorption values at 350 nm
are lower than those at 510 nm.

The main problem is the use of spectrophotometers to make these measurements but their
accuracy is limited to 1000 to 2000 ppm [16]. The absorption of weakly absorbent materials
such as BK7 can be estimated from a measurement carried out by spectrophotometry with
two samples: one thin and the other thick (see Fig 4). The method of cavity ring-down
spectroscopy [17-18] can also be a solution, but to avoid a fit with several samples having
different thicknesses [19], both faces of the sample must be polished at Brewster's angle.
However for silica, the sensitivity of these devices is not high enough and another method,
such as the photothermal method, must be used [20-31].
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Fig. 4: Calculated transmission as a function of the thickness for BK7 and silica samples using
internet data [30]. The tolerance is + 0.1 %.

The measurements made by spectrophotometry or cavity ring-down take into account the
scattering, which increases rapidly as the wavelength of the light is decreased. But this has no
effect on the distortion, the depolarization, the self-focusing or the laser damage. For high-
power lasers, the thermal absorption coefficient must be known. For that purpose, we are
going to limit our attention at 355 nm, the wavelength of our laser. This wavelength
corresponds to a third harmonic of a YAG laser. Its repetition rate is 50 Hz. The P.D. is
performed with a YAG laser [33] to measure materials and thin layers at 355 nm. The
sensitivity of the method depends on the energy in the pulses, the overlap length between the
probe and the pump beam and the spot size on the position sensor. The P.D. measures a
deflection that is mainly due to the relative temperature coefficient but also to the thermal stress
and expansion.

In this paper, the methods, the experimental setup, and the thermal program which has been
developed to calculate deflections are described. The value from a BK7 sample will use as the
absorption reference. The results on thin layers and silica sample are given from a BK7

sample.

2. Materials for photothermal deflection



The four measured samples were 50 mm in diameter and 5 mm in thickness. Two uncoated
samples were made of BK7 and of silica. The BK7 sample was used for calibration. The other
two were samples made of silica and coated by sol-gel process [34-39]. A bare silica sample
was used to determine the absorption of the uncoated silica sample BK7 sample was used for
calibration. The other two were coated samples by sol-gel process [34-39]. A bare silica
sample was used to determine the absorption of the only silica sample .As these coated
samples were manufactured by dip-coating [32], both faces of the sample were coated at the
same time and the layers had the same thickness. Each face had a layer of 210 nm in
thickness according to our analysis made from a transmission spectrum and a homemade
program [43]. One of these two samples was post-processed to harden the sol-gel layer in
order to make the layers more handleable. This process is called ammonia curing [41-43].

Table 1 gives the values of physical properties which are necessary to compute the Optical
Path Difference (OPD) induced by the heating that was caused by the laser passing through

the sample.

Table 1: Values of physical properties of BK7 [32] and silica [44].

Material n B [10°K'] a[l0®K'] A [W-m'K'] EN-mm? v y[lO‘(’-K"]

BK7 1.5151 1.35 7.1 1.114 81000 0.208 5

SiO, 1.4570 9.8 0.51 1.38 73000 0.17 10
where:

n: is the refractive index of the material at 633 nm.

B= [Z_;} is the relative temperature coefficient in the range [20-40°C].
Absolute

a is the mean linear expansion coefficient in the range [-30 et 70°C].

Ac is the heat conductivity.

E is the Young's modulus.

V is the Poison's ratio.

y=(-1)-a+f.

3. Setup to measure absorption by photothermal deflection

Mistral bench was used to measure absorption at 355 nm. This bench had been used as a laser
damage bench and it was clearly described in a previous paper [33]. Its setup is drawn in
Fig.5.
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Fig. 5: Setup to measure absorption at 355 nm using a YAG laser working at 3w (351 nm) [33].

The principle to measure the absorption is the longitudinal photothermal deflection which is
illustrated by Fig.6.
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Fig. 6: Principle of longitudinal photothermal effect.

The pump beam came from Mistral which was a YAG working at S0Hz. The probe beam was
a HeNe laser which was set at 30° incidence to the normal line. This laser was expended by a
divergence lens in order to include the irradiated volume of matter by the pump laser. After
the sample, a lens was put to focus the beam on a two quadrant detector, so the angular
sensitivity was increased. The heating caused by the laser and the material absorption induced
a temperature rise and so a gradient index. This gradient index deflected the probe beam and
the laser spot on the two quadrant detector was translated. Before carrying out measurements,
the sensor was set in translation and in rotation to equalize both voltages coming from each
quadrant of the sensor. A lock-in amplifier was employed to detect small deflections; the
reference signal being given by the synchronization signal of the laser. All the devices (laser,
lock-in amplifiers, voltmeter ...) were driven by a computer via an IEEE connection and
LabView software. LabView is also used to save at the same time the results and the
parameters of the device.



The heating of the material by the laser beam produces variations of refractive indexes and
changes of lengths. If the OPD evolves, the P.D. also evolves. This method is more sensitive
than the transverse photothermal deflection, but harder to calibrate because there is not a
standard. The A = IJ = OPD change can be linked to photothermal deflection y = P.D. by
Equation 1 (see Fig.7):

_4[A

@

where D is the beam diameter.

v

Fig. 7: Connection between 1J, the OPD and Y the ray deflection, for a beam having D as
diameter.

4. Absorption measurement and numerical simulation.
4.1 Description of phenomenon

A power laser beam with a power Py and a radius ry, is weakly absorbed by the material,
according to the Beer Lambert's law, when it passes through a window or a rod with thickness
t and absorption coefficient A. This absorption coefficient consisted of a thermal part Ar and
a scattering part As which is presumed negligible (A = At + As = Ar). The absorbed power is
given by Equation 2:

Po -(1 - exp(- A1) = P Ar- t @

r . .
which produces a refractive

This absorbed power induces a local temperature gradient

r . . . .
@ and a mechanical expansion of the window as well as a thickness

r
on(r)

index variation

increase and so a stress increase

r . . e .
) . This stress change leads to index modification
r

. All these variations yield variations of the P.D. The calculation can be found in the works
coming from Claude Klein [45-46]. This P.D. is measured with a two quadrant detector [47-
48].



4.2 Temperature calculation

The laser beam and the sample are assumed to have a cylindrical symmetry and the beam
profile is a top hat of radius r; governed by Equation 3 (cf. Fig.8).

2
r<n P = %zjbameu:(i][%
0
T A i 3)
1> P(r) = °2jbaﬂﬁmu:%
T 7o

P(1)

ry

Fig. 8: Spatial profile of a uniform beam having a power Py and a radius r;, P(r) is the
integrated power.

Figure 9 is a diagram of material which is heated with a laser having a power Po. This sample
has a radius R, a length t, an absorption coefficient Ar (here the scattering is ignored A = Ar+
As = Ar). The material is assumed optically transparent which means that the infrared
radiations coming from heating are neglected. As the material is weakly absorbent, Py is
constant along the z-axis and the absorbed flux in z is Ar-Po-z.
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Fig. 9: Diagram of a material heated by laser absorption at room temperature.

The heat flux generated by absorption radially flows out to the periphery by conductivity and
conducto-radiative heat transfer at the surface S. It also flows at both ends of the sample. This
heat transfer to the surrounding environment is characterized with a generalized thermal
coefficient h.

If the medium was assumed infinite with a cylindrical symmetry, the thermal balance is given
by Equation 4:

¢Abs = ¢Cond (4)

where ¢ aps is the absorbed flux and @cond is the conductive flux.



In our case, Equation 4 yields a system of two equations according to r (Equation 5):
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AR r
r<n Qup, = Tz"EEJ. 20w e =| L | TR, = 0py, =200, GEELD
g Jo 5 )
T(r)
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The analytical solutions of this system are given by Equation 6:
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Figure 10 shows the radial profile of the difference in temperature of a BK7 sample having 8§
mm in thickness, 76 mm in diameter and Ar = 0.27 m’! in absorption coefficient irradiated
with a uniform laser beam of 1 mm in radius with two powers 10 and 100 W. In the insert, for
the same configuration, the maximum difference in temperature is plotted according to the
laser power.
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Fig. 10: Radial profile of temperature of a 8 mm in thickness and 76 mm in diameter substrate
made of BK7 having an absorption coefficient At = 0.27 m’! heated with a laser of 10 and 100
W of power with a uniform intensity profile on a 1 mm in radius. In the inset, the difference of



the temperature between the center and the edge for several incidence laser powers is drawn.
A

Ot

The slope of this curve is

Cc

If boundary conditions are taken into account at a periphery and at both ends, the thermal
equilibrium is given by Equation 7:

¢Abs = ¢C0nductive + ¢C0nvective + ¢Radiative = ¢C0nductive + ¢Conv»Rad (7)

The expressions of the different fluxes are given in Equation 8:

(pAbsorbed (r) = 2 B[ D\T |] q‘uu:or P(u) Eh Edlu
oT(r)

r

(pConvective (I') = 2 [éz ﬁf EHIC q::or[T(u)_TAmbiem] Eh mu)

(pConductive (r) = '2.7'C.r.7\.,t,
(®)

u=r

(PRadiative (I') = 2 [62 H[ E Es 0 |:T(u)4 - TAmbient4:| Eh |]lu)

where h. is the convective heat transfer coefficient,

€ is the material emissivity,

Ostephan 18 the Stephan's constant 0 = 5.670373-10% W-m2K™,
t is the sample thickness.

Since the material is weakly absorbent, the temperature increase is weak and T(u) is close to
T Ambient =293 K. The wavelength peak from infrared emission is around 10 pm according to
Wien's law. The material is nearly in the same thermal emission regime. The silica and the
BK?7 are completely opaque after 5 pm. Both of these materials have an emissivity €r = 1
according to the Kirchhoff's law. Within this temperature range, this law can be linearized
(Equation 9). Over the range [293-313 K], the error remains lower than 10%.

GStephan . (T(u)4'TAmbiem4) =4. GStephan 'TAmbiem3 AT(U) = hRAT(U.) (9)

For Tambient = 293 K, the radiative transfer coefficient hg is equal to 5.71 W-m2-K"!. So, the
convective and radiative terms can be added and the corresponding flux replaced by a
convecto-radiative flux having a transfer coefficient h = he + hr. The convective heat transfer
coefficient h, is taken equal to 5 W-m within our temperature range.

The thermal equilibrium equation is now given by Equation 10:

2 A, EEJ':P(u) [@du = 2 HE0, mdy%wﬂrm EJ':AT(u)mmu (10)

with the boundary conditions:



At both cylinderendsz=0andz =t

[6T(r)} _ {(MT(r)}
or z=0 and z=t or z=0 and z=t

Atr =R, the flux emitted by the cylinder is equal to the absorbed flux
2 Chi@ [h [T IAT(R) +4 ChtCh qu_rAT(u) [ [ = 2(RA, 0 EJ'HP(u) [ [u
u=0 u=0
The periphery Both ends Absorbed flux

Continuous flux at r =R 0Oz

Y EEOT(r)}
Or r=R, 0z

These equations can be solved numerically for example using Mathematica.

4.3 Introduction of stresses and OPD linked to temperature evolution

The absorption of a power laser beam by a material induces modifications of its shape and of
its refractive index. The variation of the OPD A =t (n-1) along the propagation direction z
according to the temperature T is given by Equation 11 [45-46, 49]:

OA =(n —1)[dt + t [dn

8 =(oa+eg, ) and &n=(dn) +(dn), = {;’HA 0 [&5T+[Z—ﬂ . (6o an
o= .

o (BT —% o, +0¢) if the window is thin
g, =
o 3T +% [{o, ~vi{o, +05)) if the window is thick

where

[G_n} = [ is the relative temperature coefficient.
oT Aoc=0

[a_n} = K is the photo-elastic coefficient [50].
00 Jor=0

€, is the strain component along z.

0O is the stress tensor.

Or, Os, O, are the radial, orthoradial and longitudinal stresses.

The window is thin if its diameter is higher than its thickness either it is thick, it is a rod.

The expression of A (Equation 12 and 13) for both cases are given in previous papers [45-
46, 51] for an isotropic medium:

Thin window:
3

BA(r) =t.[B+(n—1).a.(1+U)+n aE

-(qu+qu)].6T<r) (12)

Thick window:



n’ @ [
aA(r>=tEEB+W-(qa+3mu)Jm<r> 13)

where
qy is the piezo-optic coefficient for parallel polarization.

qu is the piezo-optic coefficient for perpendicular coefficient.

The equations between the piezo-optic coefficients qy, q. and the photo-elastic coefficients
Ky, K1 are established in previous papers [45, 51] and are given by Equation 14. Their values
are summarized in Table 2.

on n? on n?
== d Kp=—=-— 14
0 90, 2 g, an u} 30, 5 g (14

Table 2: Values of Kyand K. for BK7 and silica [50, 52].

Material Ky (Pa™) Ku(Pa™l) K=Ky -Ku(Pah)
BK7 -0.5-10° -3.37-10°¢ 2.85-10
Si0, -0.62-10°¢ -4.34-10°¢ 3.72-10°

Some examples of analytical (A) and numerical (N) calculations for silica and BK7 samples
having similar sizes (76 mm in diameter and 8 mm in thickness) and absorption coefficient
(At =0.27) are plotted in Fig.11 for a laser beam of 100 W power with a uniform profile and
1 mm in radius of waist. In these cases, the transfer coefficient is 10.71 W-m? and the room
temperature is 293 K
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Fig. 11: Analytical and numerical calculations of the photothermal deflection Yy as a function of
radius r with a laser beam of 100 W power and 1 mm in radius (uniform profile) for same
thickness, same diameter and same absorption coefficient (0.27 m™) samples made of BK7 and
silica. The transfer coefficient h = 10.71 W-m? and the surrounding environment temperature
Tumbicm = 293K

Figure 11 shows that for similar irradiation parameters of a laser beam, the photothermal
deflection is 1.6 times larger for silica than for BK7 glass.



To have the absorption coefficient Ar a fit between the measurement and the analytical model
is made to get a first value from Equation 15:

A= Ag DPE-lZéT—EEAEﬂ(r) with y=(@n-1)@+ B

2
1 {r . R
EEE?] e [am@e a3
f(r) = 1 hence AT = VOE =
il

A complete calculation of the wavefront distortion [45-46] will be achieved from this first
value to optimize it by taking into account the thermal losses by radiation and convection and
photo-elastic coefficients.

5. Results and discussion

The difference in the temperature AT and the OPD A of BK7 and silica samples having the
same absorption coefficient At = 0.27 has been computed thanks to our models above and
drawn in Fig 12 and 13. The results are inferior for the digital computing than for the
analogical one because the convective flux and the radiative flux cooled the samples. As the
thermal conductivity of silica is higher than the one of BK7, the reached temperature is lower
in silica than in BK7.
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Fig. 12: AT between silica and BK7 as a function of the laser power.

Although the reached temperatures in the silica are less than in the BK7, the parameter y of
silica is higher than BK7, involves a higher OPD for silica than for BK7. For the same
parameters of sample and laser beam, the OPD is 1.6-fold higher for silica than for BK7 glass
as illustrated in Fig.13.
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The four samples described in paragraph 2.2 have been measured with a Mistral apparatus as
a function of energy per pulse. The results are plotted in Fig.14 and presented in Table 3.
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Fig. 14: Experimental results of absorption measurement for different samples in a.u. as a
function of the laser power.

Table 3: Slopes coming from experimental absorption measurements of several sample (cf. Fig.14).

Sample BK7 Bare Silica Uncured Silcol Cured Silcol
Slope y (V-J) 5.556 0.0225 0.0725 0.0727




As here the photothermal deflection linearly depends on the absorbed power in this
fluence range, the silica is less absorbent than the BK7. In addition, according to Fig.13 a
same absorption gives an OPD and a P.D. 1.6 times higher for silica than for BK7. A P.D.
must be added if the sample, having a thickness t, is traversed by a probe laser at 633 nm
under 30° incidence angle because 1 # t (see Fig. 15).

Fig. 15: Diagram showing the OPD for a flat sample of thickness t linked to incidence angle 6.

To evaluate the silica absorption, Equation 16 is used:

_ Slopegip, 1

A355 nm Si0, ~ 355 nm BK7

Slope g7 coeffp
Asssnmsio, = %355 nmsio, Dsio,

A355amBK7 = %355 nm BK7 UBK7 (16)
t

15102 orBK7 =
. sin 0
cos| Arcsin| ————FProbe
Ni0, or BK7 at 633 nm

As the datum for absorption coefficient is O3ss nm k7 = 2.596 m™' [32] the numerical
application gives for silica, 0355 nmsio2 = 6.47-107 m’!, so an attenuation of 28 dB-km™. These
values are compatible with the 50-70 dB-km™! which can be estimated from Fig.2 because this
silica contains few OH ions The absorptions of cured and uncured layers of silcol are given
by Equation 17:

A — SlopeSilcol cured or uncured B! 1 A (17)
355 nm Silcol cured or uncured 355 nm BK7
Slope gi7 coeff,

The absorptions are of 111 ppm for an uncured layer and of 114 ppm for a cured layer. These
absorptions match the silica substrate absorption (34 ppm) and the absorption of both
deposited layers by dip-coating technique. As a result, the absorptions of an uncured silcol
layer and a cured silcol layer are similar: At yncured silcot = 38 ppm = AT Cured Silcol

As the measured layers have a 210 nm in thickness in order to be almost antireflective
coatings at 1053 nm, the extinction coefficients k can be evaluated by Equation 18:



A

- ASilcol cured or uncured 3

kT 355 nm Silcol cured or uncured ~ 40 1
Silcol cured or uncured
where
Lsi 18)
_ Silcol cured or uncured —
1Silcol cured or uncured — =222 nm

. sin 6
cos| Arcsin [P“’be}:l

Ngilcol at 633 nm

Because Ng;jq) 41 633 nm = 122

S0 KT 355 nm Uncured Silcol = KT 355 nm Cured silcol = 4.8+ 107, These extinction coefficients of thermal
origin are clearly less (1000 factor) than the extinction coefficients found by
spectrophotometry, which came mainly from the scattering of these layers linked to their
crazing [43].

All the results of absorption measurements are summarized in Table 4.

Table 4: Summary of the absorption measurements of our four samples.

Material BK7 Bare Silica Uncured Silcol Cured Silcol
Refractive index 1.515 1.457 1.22 1.22

Slope y (V/T) 5.556 0.0225 0.0725 0.0727

O3ss nm (m')* 2.596 0.00647

1(mm) 5.297 5.323 5.323 5.323
Absorption (ppm) 13748 34 38 38

kr (355 nm) 7.33-10%  1.8-10"° 4.8-10° 4.8-10°

*0355 nm corresponds to the whole sample (bulk and layers if coatings)

The extinction coefficient at 355 nm of silica is very low; it is 400 times lower than of BK7.
At 355 nm, the silica attenuation is 28 dB-km'. Sometimes it is necessary to take into account
silica absorption to estimate absorption of thin films and their extinction coefficients. The
values founded for silica layers made by sol-gel remain coherent with this process of
deposition.

6. Conclusion

The thermal deflection is employed to measure the absorption of bulk material and sol-gel
layers by using the longitudinal effect. With this technique, the probe and pump beams are
not perfectly collinear. The setup has been presented. It uses a pump laser with a low rate
repetition (YAG) which has been used to measure the laser damage threshold. To help the
interpretation of measurements, a program has been implemented with an analogic part and a
digital part. The analogic part has been applied to fit our interferometric measurement to get a
first value of an absorption coefficient. The digital part takes into account the thermal losses
caused by radiative and convective fluxes which is beneficial to obtain a lower temperature..
The temperature rises of the material linked to the heating laser, induce also stresses which
modify the P.D. These stresses are also taken into account by our code. Thanks to theoretical
and experimental aspects, the absorptions of weakly absorbent materials have been measured
like for silica, BK7 and sol-gel layers at 355 nm. The values from BK7 have been used to
calibrate the photothermal experience with our code. This code shows that for a same
absorption in BK7 and in silica, the effects on the wavefront are 1.6 times higher on silica



than on BK7. The energy per pulse does not lead to non-linear effect, thus the absorption
remains linear and the absorption coefficients can be evaluated. From these ones and the
configuration of measurements, it makes it possible to evaluation the extinction coefficient of
the material or of the layer. So, the attenuation of silica at 355 nm has been found to be equal
to 28 dB-km™'. In the cases of thin films made by dip-coating, the extinction coefficients of
these films are close to 5-10°. The ammoniac curing carried out to harden the sol-gel layer
does not influence on the absorption of sol-gel layers. This method is applicable for all
materials which are weakly absorbent if all parameters (n, A, B, 0, V...) are known and if we
are in the linearity field of the 4 quadrant detectors.
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