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ABSTRACT

Surface thermal lensing is an aternate configuration of a photothermal deflection system that was used to measure low levels
of optical absorption. The thermal lensing configuration facilitated the alignment of the pump and probe laser beams by
using a larger diameter probe beam. This technique was applied to high performance optical coatings, specifically high
reflectors at 511 nm, zero degrees angle of incidence. The absorptance of these coatings was previously measured using a
high power copper vapor laser system. A high power copper laser beam is focused onto a ~2 mm diameter spot. A thermal
camera senses the temperature rise with respect to the rest of the coating. The temperature change, power density and beam
diameter were used with an empirical formulathat yields optical absorption. The surface thermal lensing technique was able
to resolve absorption levels lower than that achieved with the copper laser method.
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1. INTRODUCTION

High performance optical coatings for an atomic vapor laser isotope separation plant require simultaneous performance of a
number of material properties, one of which is extremely low levels of absorptance. Low absorptance prevents thermal-
induced distortion of the optic when exposed to high irradiances. Distortions affect the laser beam's wavefront and
subsequently degrades the plant efficiencies. Low absorptance also reduces the incidence of laser-induced damage. The
deposition process optimization cycle for absorptance involves a period of weeks as the coating supplier makes test runs,
sends the coated witnessesto LLNL for absorptance testing, and uses the LLNL results to adjust the design or the process.
The long time delays between test runs are not conducive to a manufacturing environment. A preferable method isto have an
absorptance measurement instrument accessible to the coating supplier. Thisrequires an instrument which iseasy to operate,
repeatable, reliable, and consists of commercially available laser and optical components.

The photothermal deflection (PTD) technique appears suited for this low absorptance application [1-3]. The technique has
high sensitivity, uses alow to moderate power laser, and the coating may be tested at its design wavelength by selecting the
appropriate pump laser. However, the technique involves the difficult steps of aligning two small diameter (~ 10 to 100 um)
laser beams to close proximity in order to make the measurement. Coating-induced scatter makes the small beams appear
larger so that critical positioning of the beams cannot be done visually. Also, the signal to noiseratio is low, requiring low-
noise signal amplification between the detector and the lock-in amplifier. The surface thermal lensing (STL) configuration of
the photothermal deformation technique is an alternate detection method [4,5] that has demonstrated more precision and easier
alignment than the conventional set-up [6]. The reflected signal in an STL configuration has been modeed by diffraction
theory, and demonstrated on high absorptance filter glass and low absorptance single layer refractive metal oxide layers [6].
The purpose of this work is to demonstrate that STL could measure absorptances on refractory metal oxide, multilayered
coatings.

2. EXPERIMENT

Absorptance measurements by the PTD techniqueisillustrated in Figure 1. The absorption of the pump beam energy causes
acorresponding local temperature rise of the sample, which leads to alocal surface deformation due to thermal expansion. By
probing the laser-induced surface deformation, whose magnitude along the perpendicular direction to the sample surface can be
less than 0.1 nm, one can relate the detected signal to the optical and thermo-mechanical properties of the sample.
Conventional PTD uses a second, tightly focused, laser beam (probe beam) on the deformed surface as the sensing method



(Fig. 18). Inthe PTD set-up, the probe beam size is much smaller than that of the lateral dimension of the deformed area.
Thus after reflection from the deformed surface, the probe beam experiences a change in direction which is proportiona to the
slope of the surface deformation. For the STL set-up, in contrast to PTD, a probe beam with a size similar to or larger than
the lateral dimension of the thermally deformed areais reflected from the sample surface (Fig. 1b). The deformed area on the
sample surface acts as a lens which diffracts the probe beam. The shape of the surface deformation is thus recorded in the
diffraction pattern of the reflected probe beam, which can be andyzed by using either a CCD camera or a scanning
photodetector.

Figure 1 Comparison of aconventiona photothermal deflection technique (PTD) and the surface thermal lensing (STL)
method. The PTD requires two small diameter laser beams aligned close to each other. The probe beam diameter must be
smaller than the lateral dimension of the thermally-induced deformation. The STL technique uses a probe beam diameter that
is greater than the lateral dimension of the deformation.

STL offers two advantages over the conventional PTD configuration. STL has the same high sensitivity but avoids the
critical alignment requirements of PTD. STL iseasier to align because the probe beam is larger than the pump beam. The
probe beam must overlap the pump beam, a diffraction-induced signal is obtained, and the signa may then be optimized. In
the present work, both the pump and probe beam are in the visible region and observable to the naked eye. Furthermore, if a
CCD camerais used for detecting the diffraction pattern, STL obtains the full field information of the surface deformation.
This can be an important advantage over PTD, where the probe beam samples only a small spot of the deformed area. Less
time isrequired to map the shape of the deformation.

The experimental setup for the absorptance measurementsisillustrated in Figure 2. An Ar ion laser at 514.5 nm is used as
the pump source. The beam is split so that the power can be measured, modulated at 12 Hz with a mechanical chopper whed
synchronized to alock-in amplifier, and focused onto the sample at near normal angle of incidence with a beam diameter about
100 um. The probe laser beam is from a 10 mW He-Ne laser, at the wavelength of 632.8 nm. It is focused onto the sample
surface, coincident with the pump laser beam. For this particular set-up, the He-Ne laser beam diameter is focused to a
diameter of about 500 um to achieve optimum sensitivity of this set-up. The detector islocated 60 cm from the sample. To
detect the STL signal, apinholeis placed in front of the photodetector. In thisway the detector monitorsintensity changes at
the center of the probe beam, which is proportional to the optical absorptance of the sample. To convert the PTD signa into
absorptance data, the traditional calibration method for PTD is used, where the calibration coefficient is achieved by measuring
the PTD signal of a calibration thin film sample with known absorptance [2,3,7].

The coatings for the absorptance measurements are high reflectors designed to reflect wavelengths of 511 and 578 nm. All the
coatings are made by a reactive e-beam process and deposited onto superpolished fused silica substrates.  The substrates are
76.2 mm in diameter x 15 mm thick. The coatings are made by different manufacturers, and so have various materia
combinations and layer thicknesses.

The absorptance were measured by the STL technique described above and by a radiometric technique using a custom-built
copper vapor laser (CVL) asthe pump source[8]. The CVL isahigh-average-power (200 watts), 4.4 kHz repetition rate, 50
ns pulse-width system [9]. The CVL beam isfiltered to 511 nm light and focused approximately into a 2 mm diameter spot
at 10 degrees angle of incidence onto the coating. An Inframetrics (model 525) infrared camera senses the temperature change
with respect to the rest of the surface. The temperature change is converted into an absorptance value using an empirically



derived absorptance model [10]. This radiometric technique has been used successfully for the past decade to assist coating
suppliersin the optimization of their respective coating processes and designs.
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Figure 2. The surface thermal lensing set-up. The set-up is similar to that a conventional photothermal deformation set-up. The
probe beam diameter at the surface is 500 um, and the pump beam diameter is 100 pm.

3. RESULTS
3.1 Time Dependent Behavior

All the high reflector coatings exhibited a time-dependent absorptance behavior when measured with the STL technique. Four
detailed time trends are shown in Figure 3. Note that each graphs plot absorptance as a function of time on different scales.
The four time-dependent trends are:

A. monotonic decrease with time; Most of the samples exhibited this particular behavior.

B. step decrease; Theinitial absorptanceis stable for about 60 sec but decreases approximately over a 100 sec time period to
alower, stable value.

C. linear increase; Thisbehavior is unacceptable for a high power laser coating and can lead to laser-induced damage.
D. increaseto astable vaue.

Each graph is marked with an absorptance measurement for laser exposure times of < 10 seconds, 3 minutes, ad > 4
minutes. The time-dependence behavior iswell-established by exposing the coating for about 3 minutes.

The STL absorptances used in the Table 1 are the "long-term" absorptances taken at exposure times greater than 4 minutes.
The data sampling rate is once per 3 sec until the coating absorptance appears stable.  Then the sampling rate increases to
once per 3 msec, and 250 data points are taken to determine an average and standard deviation of the stabilized absorptance
value. The absorptance represents an average from 3 sites on the same sample.

The STL and the CVL-pumped technique show the same absorptance time dependencies for the samples, with only few
exceptions. For SN 1352, an absorptance value of afew ppm is near the resolution limit of the CVL technique. The CVL-
pumped technique is not able to resolve decreases of absorptance at this power density level. For SN 325, the sample was
measured at two irradiances. The time trends match when the irradiances are both below 5 kW/cm?2. When the irradiance was
higher, the time trends did not match. This may also be the reason why the time trends are not the same for SN 1289.
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Figure 3 Absorptance time dependencies. Four cases of absorptance time dependencies are shown:
(&) Monotonic decrease; (b) step decrease; (c) linear increase; and (d) increase to a stabilized value.

3.2 Nonlinear Behavior

In addition to time-dependent absorptance behavior, non-linear absorptance on SN 325 was observed as shown in Fig. 4. At
two power irradiances, the stabilized absorptances are different. The absorptance at 8.7 kW/cm?2 is 500 ppm, and at 5
kw/cmZ, 133 ppm. Not only is non-linear absorptance behavior observed, but the time dependent behavior is different at the
two irradiances. At the higher irradiance, the absorptance increase and begins to stabilize after 18 minutes. At the lower
irradiance, the absorptance increases for the first 30 sec, and then decreases with time. The time trend at low irradiance is
similar to that observed in Figure 3a. Over the long exposure time, the absorptance decreases monotonically with time. In
the initial exposure, the absorptance increase is resolved on SN 325 but not with other coatings exhibiting a monotonic
absorptance decrease.

The time- and power-dependent absorptance behaviors indicates that this information should be included aong with the
absorptance value. Specifically, along with the wavelength, polarization, angle-of-incidence, and pump-laser parameters, the
absorptance value should include the irradiance of the measurement, exposure time to the laser beam, and the time trend. In
fact, if the maximum serviceirradianceis known, the absorptance should be tested at this power density. This information
will assist the end-users in determining the survivability of the optical coating in various applications.

Table 1 also shows a dlight correlation between STL and CVL-pumped long-term absorptances. The data is sorted by CVL
measurements from alow value of 2 ppm to high value 1500 ppm. The corresponding range for the STL values generaly go
from alow to a high value, but the range is much narrower, 6 to 500 ppm.



6.00e-4

SN325

(b) P=679mw

5.00e-4

4.00e-4

T

¢ A (t = 18 minutes)

A =3 minutes)
2.00e-47 il (c) P=392mw l

QO

1.00e-41 A <109

3.00e-4

Absorption

0.00e+0 T T T T T
0 200 400 600 800 1000 1200

Time @)

Figure4 Non-linear absorptance. Sample SN 325 is measured at two different irradiances. The long term absorptance and the

absorptance time-dependence is different.

4. DISCUSSION

Possible reasons that contribute to the low absorptance correlation between these two measurement techniques are presented.
The absorptance is taken at different irradiances, asindicated in columns 3 and 5 of Table 1. The emissivity of the coatings is
assumed constant for the CVL-pumped absorptance derivation. The pump lasers have different pulse modes (repetition rate
and pulse widths) which could affect the absorptance values. The most significant contribution, we believe, is the spatia
non-uniformity of absorptance in these coatings. Earlier work with Nd:YAG laser-pumped radiometry showed absorptance
non-uniformity could be detected with beam spots < 0.45 mm in diameter [11,12]. In the present work, the beam diameters
are about 2 mm and 0.10 mm for the CVL-pumped and the STL techniques, respectively. The STL technique is sampling an
area about 400x time smaller than the CVL-pumped technique.

To demonstrate the degree of absorptance non-uniformity of a high reflector coating, a 2-dimensional scan was made on SN
1352 using the STL method. Figure5isa 3-dimensional scan of STL initial (< 10 sec of laser exposure) absorptances. The
areais 1 mm x 1 mm and the pump beam diameter is 10 um to obtain an appropriate spatia resolution. An average of the
whole area had a pixel value of 91 units; Area A had the highest averaged pixel value of 254 units; and area B had the lowest
of 39 units. The intensity units translates proportionately into absorptance, meaning that the coating has a factor of 6 in
absorptance variation in this area aone.

Sampling | Averaged

Area Value Dev.
Whole 90.79 57.69
Area A 254.00 0.00
AreaB 38.74 3.67
AreaC 68.06 7.15

1.0 mm x 1.0 mm scan of SN 1352
donewith a 10 um dia. pump beam



Figure 5. Absorptance variation of a high reflector. The STL technique is used to measure the absorptance over a1 mm?2
area of ahigh reflector coating. The pump beam diameter was decreased to 10 um to increase the spatia resolution.

Absorptance results from a titania single layer are shown in Figure 6. A single layer is used that minimizes multilayer
accentuating artifacts such as interfaces and process-induced defects. Figure 6 showsthree scanned areas. There are two aress
which were scanned with a high irradiance, 24 kW/cm2, and for dwell times about a minute per site. One areais square ad
labeled as 0.2 x 0.2 mm. The other areais a rectangular and overlaps the square area.  After the high irradiance scans were
done, a low irradiance, 6.4 kW/cm?, scan was done over the area labeled 0.6 mm x 0.6 mm at dwell times of less than a
second per site.  The absorptance is noticeably changed by the high irradiance/long dwell time scan, leaving a detectable
footprint that is observable in the low irradiance/short dwell time procedure. Since a footprint is observed, the absorptance
change lasts about 24 hours, the required time to make these measurements. However, the initial absorptance may return in
time periods of a few months, as reported by reference [13]. The results also show that a PTD technique has sufficient
stability to measure absorptances in a scan mode.
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Figure 6. Three absorptance scans of the same sample. The two small areas (0.2 mm x 0.2 mm) were scanned by high
irradiance, which lowered the absorptances of thistitania single layer through conditioning process. The absorptances were
then detected by a subsequent low irradiance scan over alarger area (i.e. the whole picture, 0.6 mm x 0.6 mm).

5. CONCLUSIONS
The STL method has adequate resol ution to measure low absorptances in - high reflector, refractory metal oxide, multilayered
coatings. A new protocol is suggested for reporting absorptance of high performance optical coatings. The reporting

protocol should include

i. thetime dependence of the absorptance when the coating is under the maximum irradiation of the service application; an
exposure time long enough to establish the time dependent behavior;

ii. theirradiance, since coatings may have strong nonlinear or time dependent behavior at different irradiances;
iii. the pump laser parameters (pulse modes, beam size, spectral requirements, etc.);

iv. non-uniformity of coatings should be addressed if important for the applications.
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