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1. Introduction

Modern laser systems have proven to be highly versatile heat sources for active thermographic testing. Compared
to more traditional light sources, e.g. flash or halogen lamps, their output power can be easily modulated at high rates,
allowing a wide variety of complex excitations to be realized. Although their total optical output power can be theoretically
scaled to arbitrary values, the maximum output power is practically limited by many factors: the maximum power that the
sample under test can absorb without altering the lighted surface itself, the trade-off between irradiance and inspected
area, the cost of the laser system, etc. Furthermore, when working with spatial modulator systems (cf. [1]), the output
power must be limited to avoid damaging such devices. Nevertheless, to guarantee a sufficient amount of heating even
for highly thermally conductive materials and/or deeply buried defects, the heating times can be extended, e.g., either by
using step heating [2], long pulse thermography [3], or by lock-in thermography with a continuously modulated heating [4].
However, for all these approaches, the ranging capabilities of the thermographic defect detection are reduced due to the
limited frequency content of the excitation.

To tackle this problem, i.e. to increase the excitation energy while preserving its frequency content, new ap-
proaches have been developed in the last two decades, among them the use of coded excitations in combination with
pulse-compression [5, 6, 7], and the use of multiple lock-in analysis or a frequency modulated excitation signal [8, 9]. The
challenges of such temporally structured heating techniques are manifold, for example, the DC component inherent in
optical heating must be taken into account. In general, a wider frequency bandwidth or greater variability of the frequency
components also means greater complexity for signal generation and data processing. In this paper, temporally structured
excitation schemes with different degrees of complexity are compared on a high-power laser system.

2. Methodology

In this work, we investigate and compare the use of various complex temporally structured laser heating schemes
for defect detection and ranging, including traditional single pulse heating with equivalent pulse-compression schemes like
Barker code and Legendre sequences heating [6, 10, 11], as well as the single-tone lock-in modulation with a multi-tone
modulation, which has been recently introduced in [12]. An overview of the investigated schemes is given in figure 1, where
the excitation waveforms (top - red) and the corresponding temperature increase are shown as time elapses for a single
pixel (bottom - black).
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Fig. 1. Overview of the investigated heating schemes: single 100 ms pulse heating (top-left) is compared to a 13-bit Barker
code and a 67-bit Legendre sequence heating (top-right), both with a bit duration of 100 ms. Furthermore, traditional
lock-in modulation at 1 Hz (bottom-left) is evaluated against a multi-tone modulation (bottom-right).
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21. Pulse-compression schemes

Coded excitations combined with the pulse-compression algorithm have been exploited to increase the overall
energy content of the excitation while preserving its frequency content. For the used (binary) codes to be separable
from the main signal, the applied codes have to feature low autocorrelation properties. Any sidelobes present in the
autocorrelation will lead to artifacts and deteriorate the ability to reconstruct the main signal.

The codes used in pulse-compression are usually bipolar codes, meaning that S[j] 2 £ 1;1g. In real thermo-
graphic inspection, this means that the object under test would need to be heated and cooled — in this work, the coded
excitations will be re-scaled within the [0; 1] range. This leads to all excitations containing a constant DC-offset of half the
maximum heating power. To remove this DC-offset from the data, a polynomial equation, whose coefficients are determined
via a least-square fit, is employed:

Toc(6Y;t) = a0 y) 172 + ax (6 y) 7% + as(x;y) (1)
With Tpoc(X;y; t) determined, it can be subtracted from the measured temperature signal to obtain its AC-part:
Tac(X;Y; 1) = Tmeas(X; Y5 1) Toc(XY;t): )

The used modulation scheme can then be reversed by matched filtering via the convolution of the AC-signal with the
time-reversed code, which is equivalent to cross-correlating the AC-part and the applied modulation code S[j] 2 f 1;1g:

Tcompressed (X y;t) =Tac(X;y; 1) ? S(t); @)

where ? denotes the cross-correlation operator. As a result, Teompressed (X; Y; t) describes the thermal response of the object
under test to a pulse heating with pulse length equal to the bit duration of the utilized code at higher power than has been
used for the coded excitation. To maximize the deployed energy, codes with high bit lengths can be chosen. Due to the
properties of the autocorrelation operation, longer bit lengths additionally lead to a larger amplitude-separation of main-lobe
to side-lobe amplitudes, making longer bit lengths even more preferable. However, this comes at the cost of both extended
measurement and processing time.

2.1.1. Barker code excitation

Barker codes are binary sequences constructed so that the autocorrelation function of the modulated signal has a
low side-lobe level. The Barker code of length Ny is defined by a sequence of Ny binary values S{j], with S[j] 2 f 1;1g
and the following condition:

SBarker [j] SBarker[j + ] 1 81 < Npit: (4)

j=1

Only seven different Barker codes with lengths Npit 2 £2; 3; 4; 5; 7; 11; 13g are known to this date fulfilling the above property.
While Barker codes feature well-behaved side-lobes in their autocorrelation, the constraint on the maximum bit length
Npit = 13 can be limiting when high signal-to-noise ratio (SNR) levels are sought. Furthermore, Barker code excitations
are commonly exploited in acyclic mode [7], meaning that the heating and cooling must be recorded and the DC-offset
extracted from both parts. Any inaccuracies made in the DC-part removal will lead to additional artifacts in the final pulse-
compression result.

Barker code excitation Barker code autocorrelation
1.0 —
12 1
0.8 7 10 -
E)
— 0.6 S8
=} c
< 9
= T 6
© 04 - o
8 41
0.2 1
2 -
00 e ] ] . 0 - W W/
T T T T T T T T T T T T T
0 02 04 06 08 1 12 14 —10 -5 0 5 10
time [s] Lag v [-]

Fig. 2. Barker code with Np;; = 13 and a bit duration of 100 ms (left) and its autocorrelation (right).
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2.1.2. Legendre sequence excitation
Legendre sequences have been first described by Adrien-Marie Legendre in 1798 and are characterized by
having quasi-ideal autocorrelation properties. These sequences exist for arbitrary prime numbered of bit lengths, allowing
to achieve high energy content even at short bit durations. They can be constructed by evaluating the Legendre symbol
J

—— as follows:
Npit a
= 0ifj 0 mod Ny;¢
Sﬁ\;*g;nd,eﬂ] = Nj—bn - 1ifjis a quadratic residue mod Ny;e ; for0  j < Npi and Nyt is prime:  (5)
- 1ifj is not a quadratic residue mod Nyt

As Legendre sequences are available for any arbitrarily-large (prime) bit lengths, their energy content can be
selected rather freely to match the required SNR.
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Fig. 3. Legendre sequence of length N = 67 and 100 ms bit duration (left) and its autocorrelation (right).

It is also known from the literature that Legendre sequences show a quasi-ideal autocorrelation function when
these are exploited in cyclic mode(cf. the seminal paper from Ricci, Zito, and Laureti [13]). This property is displayed
in figure 4. While this comes at the cost of repeating the sequence once and therefore doubling the required measurement
time, this drawback is more than made up for in the quasi-ideal autocorrelation results and the comparative ease of DC-part
estimation, as no subsequent cooling of the sample needs to be analyzed.
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Fig. 4. Legendre sequence of length N = 67 repeated once and 100 ms bit duration (left) and its cyclic autocorrelation
(right). By correlation in cyclic mode of the first repeat, quasi-perfect autocorrelation can be achieved.
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2.2. Multi-tone modulation

Another approach to maximize the deposited energy up to a speci ¢ depth / thermal diffusion length is using
Lock-in thermography. Here, the object under test is typically heated using a sinusoidal signal with frequency f st (again in
practice with a half-maximum DC-offset) for one or more periods:

SST(t) = Agrcos 2f gt E : (6)

While this method is well studied and can lead to very high deposited energies, the excitation is in the form of
a sine/cosine at a speci ¢ frequency value, so only information up to a speci c depth / thermal diffusion length can be
obtained. To deal with this shortcoming, multiple lock-in tests at different frequencies are performed sequentially, leading
to extended measurement time, especially when performed at low frequencies corresponding to higher thermal diffusion
lengths.

To circumvent this issue, Laureti et al. recently introduced a novel multi-frequency Lock-in scheme, also known as
Multi-frequency Thermography, that allows for exciting the object under test with multiple distinct frequencies at the same
time. This composite signal can be generated for N¢ integer multiples of a base frequency f pase Minimizing its peak factor
as follows [12, 14]:

R K2

SMT(t) = Awur cos 2 kf pasel m (7)
k=1
This allows for conducting Nt lock-in measurements with different frequencies and corresponding thermal diffusion lengths
to be carried out simultaneously, substantially saving on measurement time.

Fig. 5. Multi-tone excitation pattern containing N; = 10 integer multiples of the base frequency f pase = 0:1 Hz (left). Those
frequencies can be observed as distinct peaks in the pattern's frequency content in the range of 0:1Hz to 1Hz as
to be expected (right).

3. Experimental setup & Results

To evaluate the defect detection and ranging capabilities of the different excitation schemes, multiple at-bottom
holes (FBHSs) in the same 100mm 100mm 4mm (L W H) stainless steel (1.4301) sample were examined (see gure 6;
top-right region of interest). All FBHs feature a diameter of 2 mm and they start at depths 0:4 mm; 0:76 mm; 1:23mm;
1:66 mm; 2:15mm and 2:66 mm from the inspected surface, leading to depth-to-diameter ratios of 0:2; 0:38; 0:62; 0:83;
1:08 and 1:33, respectively. Within the later parts of this work, the FBHs will be referred to by letters A-F in order of their
increasing depths from the inspected surface. For exciting the sample homogeneously over a 68 mm 68 mm area, a
ber-coupled high-power diode laser with an optical output power of Qser = 458 W and a wavelength of 940 nm has been
used. Overall, this leads to a maximum irradiance of 10Wcm 2 for the laser excitation, which is on the lower end of the
feasible irradiance range for short pulse based laser thermography of metal components.

It has to be noted, that the investigated sample has been tested as-is without any prior surface treatments to
increase the energy absorbed from the laser heating or homogenize its surface in terms of its emissivity. All further analysis
therefore only gives an upper bound on absorbed energy values and all stated temperatures are apparent temperatures
associated with an emissivity value of = 1. As all measurements are carried out in the same test setup on the same
sample, the comparability of this study is nevertheless ensured.
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Fig. 6. Laser setup (left) and investigated sample (right).

The resulting temperature rise has been recorded by a cooled MWIR IR-camera at a frame rate of f cam = 100 Hz
with a pixel resolution of 87 um with the help of a dichroic mirror. The laser power has been continuously modulated using
a digital function generator and the previously presented codes/modulation schemes.

To yield comparable results among all the investigated modulation schemes, the recorded data has been evaluated
in the frequency domain. This is carried out through Pulse Phase Thermography (PPT) for the pulse-compression based
excitation patterns and Fast Fourier Transform (FFT) for the Multi-tone modulation.

3.1 Conventional pulse heating

As a reference measurement, a single pulse heating with a pulse duration of tyuse = 100 ms has been conducted.
The resulting temperature rise is shown in gure 7 together with the maximum contrast phase image that could be obtained

for the dataset. The SNR of the obtained image is rather low and only the closest FBHs A-C can be considered (poorly)
detected.

Fig. 7. Measurement results for conventional pulse heating. A single pulse heating with a pulse length of tpuse = 100 ms

lead to an average temperature increase of T = 1:16K (right). The maximum contrast phase image that could

be obtained for f rrr = 0:8 Hz (left) shows only a limited SNR and the closest FBHs A-C can be considered (poorly)
detected.

3.2 Pulse-compression schemes

While a single pulse heating with an exemplary pulse duration of 100 msand of Qaser = 458 W (comprising an

energy of Q = 43:5J) leads to a mean temperature rise of T = 1:16 K only, a 13-bit Barker Code excitation with an equal
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100 msbit duration achieves a mean temperature rise of T = 3:33K (Q = 412:2J). On the contrary, the 67-bit Legendre

sequence with the same 100 msbit length (cf. gure 4) was observed to feature a mean temperature rise of T =14:42K
(Q = 3114:4J). The effect ogtrlwe longer excitation time provided by the use of coded excitations and therefore higher

radiant energy exposure Q = Qiaser dt can be thus appreciated. Note that both the single pulse and the coded signals
excite the same bandwidth.

Fig. 8. Measured temperature rise for Barker code heating (left) and Legendre heating (right). For both cases, the DC-part
offset of the used codes has been approximated according to Eq. (1). For the Barker code, heating and cooling
must be recorded and their DC-part approximated (removed) separately.

3.2.1. Barker code

The results for the 13-bit Barker code with a bit duration of 100 msare shown in gure 9. The reconstructed pulse
after pulse-compression shows a signi cantly increased SNR compared to the conventional pulse heating. However, due
to imperfections in the DC-part removal, reconstruction artefacts are visible as abrupt variations of the reconstructed pulse,
especially within the 0sto 1sinterval. The corresponding PPT phase image after pulse-compression is equally affected,
identifying only the FBHs A and B. While this issue can certainly be overcome by measuring the DC-part in a second
measurement with a single pulse excitation at half the power with a pulse length equal to the total duration of the Barker
code sequence, this would more than double the necessary measurement time as in-between cooling down to the initial
equilibrium state is required and therefore, increase the measurement complexity even further [15].

Fig. 9. Measurement results for 13-bit Barker code heating with a bit duration of 100ms The reconstructed pulse after
pulse-compression (right) shows a signi cantly increased SNR compared to the conventional pulse heating. How-
ever, due to imperfections in the DC-part estimation, reconstruction artefacts are clearly visible. The corresponding
PPT phase image after pulse-compression is equally affected, identifying only the FBHs A and B.
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