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Abstract: Time-resolved photoacoustics were used to measure the optical parameters of pulp suspensions for the
first time. Reconstructing stress distribution along the direction of the incident laser light allows the effective
attenuation coefficient of these suspensions to be determined. Simultaneously, the total diffuse reflectance
of the suspensions was measured by the same laser source. Based on the effective attenuation coefficient
and total diffuse reflectance, the absorption and reduced scattering coefficients of pulp suspensions can
be calculated. In this study, three kinds of pulp suspensions with different kappa number (2, 13, and 16), a
measure of lignin content in pulp fibers, were diluted with water to make samples with a consistency range
from 1% to 5%, and studied at 355 nm wavelength. The results showed that the optical coefficients were
approximately proportional to pulp consistency; on the other hand, the absorption coefficient was linearly
correlated with kappa number, but the reduced scattering coefficient was not. Therefore, by determining
its optical parameters, it is possible to extract the consistency and kappa number of an unknown pulp
suspension.
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1. Introduction

Kappa number, a measure of lignin content in pulp fibers,is an important parameter during cooking and bleachingprocesses in the paper industry. Online measurements of
∗E-mail: zhao.zuomin@ee.oulu.fi

kappa number are very useful in routine process control,because the number relates directly to production costsby enabling savings to be made in energy supplies andamount of chemical reagent. However, lignin containedin wood cellulose is insoluble at room temperature andatmospheric pressure. Moreover, wood cellulose probablyforms flocks in a pulp suspension when the fiber consis-tency is higher than 1%; without careful operation, thiswill greatly decrease the homogeneity of suspension. In
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addition, fiber consistency has a strong effect on opticalabsorption and scattering in pulp suspension. All of thesecause difficulty in determining the lignin content of a pulpsuspension if its consistency is unknown.In existing process measurement, the kappa number is ob-tained by measuring transmission light at various anglesin ultraviolet wavelengths, normally at 280 nm, at whichlignin has a strong absorption peak [1]. These signals areobtained at various distances from the source and at var-ious angles relative to the optical axis, and every signalis affected by unknown amounts of scattering and absorp-tion. During the measurement, pulp consistency is sweptfrom a low level to a higher one. The optical signal ismeasured during this consistency sweep, and some of itsconsistency points are calibrated against laboratory data.However, this technique is incapable of separating opti-cal absorption from scattering components and requires aconsistent sweeping level and calibration of measurementpoints. Therefore, more convenient and effective methodsneed to be pursued. In this study, we applied a formof photoacoustic technique based on time-resolved stressdetection. Used originally in biomedical optics to studytissues [2, 3], this technique can be used to deduce theeffective attenuation coefficient of a pulp suspension. Atthe same time, by determining the total diffuse reflectancefrom a sample, we can obtain the ratio of its absorptionand reduced scattering coefficients. Both measurementswere carried out at the same wavelength, 355 nm, at whichlignin exhibits definite optical absorption, whereas woodcellulose and aqueous matrixes do not. On the basis ofthese measurements, we can split out the reduced scatter-ing coefficient and the absorption coefficient. Hence, it ispossible to simultaneously determine both the fiber con-sistency and kappa number of a pulp suspension. Bothmeasurements can be performed simultaneously online,simply by splitting the laser output into two beams andprojecting these beams to different measurement locations.
2. Methodology

Theoretical aspects of the time-resolved photoacoustictechnique have been described in detail in [4, 5]. Ifthe turbid medium is homogeneous or at least macro-homogeneous, its effective attenuation coefficient µeff canbe deduced by exponential fitting of the photoacousticprofile produced in the medium. On the other hand, ina layered medium, it is possible to deduce the distribu-tion of the effective attenuation coefficient along the laserbeam axis µeff (z).To split out the absorption and reduced scattering coef-ficients from the effective attenuation coefficient, we can

measure either the amplitude of photoacoustic generationin the medium [2] or the photon transport mean path [6].However, the former method necessitates measuring sev-eral physical and system parameters (which are usuallyunknown), while the latter poses very high requirementsfor the transducer (ultra-wide bandwidth) and the de-tection channel (very fast sampling frequency). Conse-quently, the measurement is difficult to perform and incurshigh costs. In this study, we used a simple, but effectiveway to measure the total diffuse reflectance Rt of a turbidmedium and then deduced the ratioN ′ of the reduced scat-tering and absorption coefficients, as in bio-tissue stud-ies [7]. However, due to the relatively high absorptionof lignin at 355 nm, the ratio N ′ of pulp suspensions wassmall (usually < 3, as shown by Tab. 1 below). To improveaccuracy, we applied the so-called exponential model [8].The total diffuse reflection based on this model can bedescribed as:
Rt = 11 + 13 µa

µ′s

, (1)
where µa and µs’ are the sample’s absorption and reducedscattering coefficient, respectively.It is known that

µeff = √3µa (µa + µ′s). (2)
Hence, µa and µs’ can be determined on the basis ofEqs. (1) and (2), by experimentally measuring Rt and µeff .
3. Apparatus and materials
Fig. 1a illustrates the time-resolved photoacoustic setup,which employed a compact Q-switched pulse Nd:YAGlaser (Brio, Quantel), operating at the third harmonicoscillation, as the excitation source. The laser’s outputwavelength was 355 nm, output energy per pulse was 20mJ, and pulse duration and pulse repetition rate were 4 nsand 20 Hz, respectively. A filter (HR1064+532/45°) wasused to further reflect surviving foundational and secondharmonic output, and two lenses were applied as a tele-scope format to expand the laser beam to 12 mm in diam-eter, before incidence on a cuvette window. The cuvettehad a height of 65 mm and a cross area of 25 mm ×25 mm. A commercial heavily damped transducer (Pana-metrics, V-103) was used to pick up photoacoustic signalsproduced by a sample placed in the cuvette. This trans-ducer was located on the axis of the laser beam, wherea drop of impedance matching gel provided an acousticinterface between the transducer and the back wall ofthe cuvette. Photoacoustic signals from the transducer
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a)

b)

Figure 1. Experimental setup for time-resolved photoacoustics (a)
and for measuring total diffuse reflectance (b).

were amplified by the pre-amplifier, and then were mon-itored and recorded in a digital oscilloscope (TDS794D,Tektronix), triggered by a photodiode. To avoid randomnoise, these recorded signals were averaged 128 times.Fig. 1b shows the experimental setup used to measure to-tal diffuse reflectance based on the idea presented in Ref-erence [9]. The light source system was similar to that ofthe photoacoustic setup shown in Fig. 1a, with the excep-tion that pulse energy was limited to a maximum of 0.3 mJby a beam splitter (95/5 ratio) and a neutral filter (NE05A,ThorLabs Inc.). Moreover, the laser beam’s diameter wasshrunk to 2 mm by an inverse telescope (consisting oftwo lenses) before incidence on the cuvette. A photodi-ode (UV-215BQ, EG&G) connected to a transimpedancepreamplifier (AV-149-BW1) whose output was recorded bythe digital oscilloscope, was located 60 cm away from thecuvette’s incident window to pick up diffuse reflection lightfrom a sample. The diffuse reflectance was calculated asthe ratio of the signals produced by the sample and a100%-diffuse reflection standard, where both the sampleand the diffuse reflection standard were located at sameplace in succession.Three kinds of pulp suspensions, provided by an industrialcompany, were used in this study. These pulps differedin kappa number (2, 13, and 16) and consistency (5.5 %,5 % and 4.4 %, respectively). Before the experiment, someof the stock suspensions were diluted by distilled waterto produce samples with a consistency range of 1% to 5%.Every diluted sample, stored in a plastic tube, had a vol-ume of 40 ml. The consistencies of these diluted sampleswere not calibrated.

4. Experiments and results

4.1. Time-resolved photoacoustic measure-
ment

The photoacoustic setup was preheated for ten minutesbefore the experiment. Diluted samples were first dividedinto three groups according to their kappa number andall measurements were conducted from the lowest kappanumber group to the highest. Similarly, within each group,samples with the lowest consistency were measured first.Every sample, loaded in a plastic tube, was gently shakenup and down and then allowed to settle, to make them ashomogeneous as possible, before they were loaded intothe cuvette. All of the suspension in each plastic tubewas poured into the cuvette to avoid sample consistencyerrors. For samples with a consistency lower than 2%,every measurement was finished in a few seconds to min-imize the apparent sedimentation of wood fibers, whilesamples with a higher consistency were gently stirred toreduce air bubbles within the flock network and to allowthe samples to be as homogeneous as possible. Duringthe measurements, the apparatus was unmoved; the sam-ples were replaced using a small spool and a suction tube.For statistical analysis, every sample with a consistencyhigher than 1% was measured three times. The sampleswith 1 % consistency were relatively homogeneous and tobe measured one time.Fig. 2 shows the transient response of the transducer intime and its frequency spectrum (measured in K2CrO4 so-lution (concentration 13 mg/cm3, and absorption coefficient
∼1000 cm−1 at 355 nm wavelength [2]), and incident laserenergy was attenuated to 1 mJ). The received signals bythe transducer, which are produced in three samples (3%consistency) with kappa numbers 2, 13, and 16, respec-tively, are shown in Fig. 3. The exponential fitting of thesignal fronts in regions with good SNR and linearity arehighlighted by bold green lines. The effective attenuationcoefficients of the samples can be deduced if the acousticvelocity in the sample is known. We used the acousticvelocity in water as an approximation, based on the factthat the samples consisted of more than 95% of water.Fig. 4 displays the deduced effective attenuation coeffi-cients with errors. It needs to be noted that within thegroup with kappa number 2, samples with a consistencylower than 3 % are incapable of producing a photoacous-tic signal which can be detected by the transducer. Thisis because these samples have such a low optical absorp-tion that the frequency spectra produced by photoacousticgeneration are below the response of the transducer. FromFig. 4, it can be seen that µeff increased approximatelylinearly with fiber consistency in the range of the error
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a)

b)

Figure 2. The transient response of the transducer in time (a) and
its frequency spectrum (b).

bars.
4.2. Measuring total diffuse reflectance
In this part of the experiment, pulp samples were loadedinto the cuvette to measure their total diffuse reflectance.The measurement order and sample replacement proce-dure were the same as in the photoacoustic experimentdescribed above, but the cuvette was washed with dis-tilled water between samples with a different kappa num-ber. Stray light from the foundational and second har-monic wavelengths of the laser was absolutely isolatedfrom the photodiode. Every sample was gently stirred andmeasured seven times. Fig. 5, presenting the experiment

a)

b)

Figure 3. The signals received from three samples with 3% consis-
tency, where the gain of the transducer’s preamplifier is
53 dB for the samples with kappa numbers 2 and 12, and
40 dB for the sample with kappa number 16 in (a), and
the y-axis in (a)is changed to the logarithmic scale in (b)
(the bold green lines highlight the exponential fits of signal
fronts).

results, shows that, in the range of the error bars, Rt wasalmost identical for samples with a different fiber consis-tency but identical kappa number. This is probably dueto the fact that both the absorption and reduced scatter-ing coefficients increase together with sample consistency,while the ratio of the two coefficients remains unchanged.In accordance with Eq. (1), this results in identical Rt val-ues. A similar phenomenon can be seen in the so-calledfish-tank experiment [10].
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Figure 4. Deduced effective attenuation coefficients of samples with
different fiber consistencies and kappa numbers.

Figure 5. Results of total diffuse reflectance vs. fiber consistency
measurements of pulp samples with different kappa num-
bers.

4.3. Deducing absorption and reduced scat-
tering coefficients

When the µeff and Rt of the samples are measured as inthe experiments described above, the samples’ absorptionand reduced scattering coefficients can be calculated onthe basis of Eqs. (1) and (2). The results are listed inTab. 1 and drawn in Fig. 6 and Fig. 7. Every parametervalue was averaged three times, except those correspond-ing to the samples with 1% consistency.Fig. 6 shows the relationship between optical parametersand consistency, while Fig. 7 reveals the intercorrelationbetween optical parameters and kappa number. In therange of the error bars, Fig. 6 indicates that both theoptical absorption and the reduced scattering coefficientincrease linearly with sample consistency, whereas Fig. 7

Table 1. Average optical parameter values measured in pulp sam-
ples with different kappa numbers and fiber consistencies.

kappa fibernumber consistency µeff Rt N′ µa µs ’(%) (cm−1) (cm−1) (cm−1)3 1.88 0.182 2.92 0.54 1.572 4 2.89 0.186 3.01 0.83 2.515 3.58 0.179 2.84 1.05 3.00
1 3.50 0.026 0.33 1.76 0.5713 2 7.30 0.025 0.35 3.62 1.253 10.00 0.023 0.31 5.02 1.564 14.80 0.023 0.31 7.48 2.31
1 3.20 0.021 0.29 1.63 0.4716 2 6.00 0.020 0.28 3.07 0.873 10.60 0.023 0.31 5.38 1.654 15.70 0.022 0.28 8.04 2.23

Figure 6. Relationship between optical parameters and consistency
(the diamond, triangle and square marks correspond to
samples with a kappa number of 2, 13, and 16, respec-
tively; the solid marks represent absorption coefficients,
and the empty marks reduced scattering coefficients. The
lines show a linear relationship).

shows that the absorption coefficient increases linearlywith the kappa number of the samples, but the reducedscattering coefficient is practically unaffected by kappanumber.
5. Discussion
In sample preparation, some of the stock pulp suspen-sions were sampled and diluted. Due to the inhomogene-ity of stock suspensions, the sampled suspensions mayhave consistencies differed from those of the original ones.
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Figure 7. Relationship between optical parameters and kappa num-
ber (the triangle and square marks correspond to sam-
ples with a fiber consistency of 4 % and 3 %, respectively;
the solid marks represent absorption coefficients and the
empty marks reduced scattering coefficients. The lines
show a linear relationship).

As a result, the diluted samples used in the experimentssuffer from a consistency error. During the actual mea-surements, all pulp samples, high consistency samples inparticular, were not exactly homogeneous. Consequently,the optical absorption distribution in these suspensionsdeviated from the exponential rule along the laser beam’sincident direction. Fortunately, the former problem can beavoided and the latter can be reduced in online measure-ments, because the suspensions are not sampled and theyare flowing.In time-resolved stress detection, the experimental setupwas used in the transmission mode. It is known thatacoustic waves are strongly attenuated in pulp suspen-sions. Moreover, if the suspension also contains micro-airbubbles, the transmitted acoustic waves will be furtherattenuated and scattered. As a result, although the thick-ness of the cuvette was only 2.4 cm, the profile of thewaves received by the transducer may differ from the ini-tial stress distribution in the photoacoustic source. Toavoid potential errors due to these factors, it is better touse the backward mode, in which the transducer is locatedon the same side as the laser source.Most pulp suspensions used in this study were locallyinhomogeneous, for wood cellulose varies from a few sub-millimetres to 1 ∼ 2 mm in length and measures a fewtens of micrometers in cross-section width. However, theirradiated area of the laser beam on the incident windowof the cuvette had a diameter of 12 mm, which is muchlarger than the size of cellulose fibers. Therefore, thesamples are macro-homogeneous, at least to a laser beamwith a large diameter.

In addition, the transducer bandwidth is extremely impor-tant in detection of the wideband PA signals, because thedetected signal is a convolution of the generated OA pulsein the sample and the transient response of the transducer.Therefore, in order to detect the OA signal accurately it isrequired that the frequency bandwidth of the transducermust be wider than the frequency bandwidth of the signalbeing detected. In studied samples, the minimal value of
µeff is 1.88 cm−1 (seen Tab. 1). The calculation shows thatthe PA waveform (the exponential decay of signal front),generated in a medium with such value, has a signal fre-quency band lower than 48 kHz at a half-maximal level.It can be seen, from Fig. 2, that the transducer responsein this frequency band is about 10 times lower than themaximal response. In this case, the signal amplitude istherefore very low and the PA profile is probably dis-torted (seen in Fig. 3b), and the deduced µeff has a largerelative error (∼ 30% for the samples with kappa number2, as shown in Fig. 4). To improve measurement accu-racy, it requires using a transducer with a lower frequencyresponse (of course, cuvette size should also be bigger).However, for the other samples with kappa numbers of 13or 16, the PA profiles are less distorted such that the ex-ponential fittings are satisfied very well, as seen in Fig. 3.The deduced µeff has a relative error not larger than 17%.This error is accepted in practice, considering the randomproperty of pulp suspension. Moreover, the error wouldbe further decreased in online measurement because aflowing suspension will improve its homogeneity.In the total diffuse reflectance measurement, we used asimple method in which a photodiode was located at somedistance from the cuvette’s incident window to receive partof the diffuse light. Although this method was effectivelyused in homogeneous suspensions, it may cause a largeerror in pulp suspensions with poor homogeneity. To de-crease this error, it is better to let the suspension flowand (if necessary) apply an integrating sphere to measuretotal diffuse reflectance.Deduced effective attenuation coefficient and total diffusereflectance from experimental data allow the absorptionand reduced scattering coefficients of pulp suspensions tobe determined. As shown in Figs. 6 and 7, a sample’s con-sistency has a linear relationship with its absorption andreduced scattering coefficients, while its kappa number isunaffected by the reduced scattering coefficient. There-fore, we can determine an unknown sample as follows.When the reduced scattering coefficient of the sample isknown, its consistency can be determined from Fig. 6.Based on the known consistency and absorption coeffi-cient, we can further determine the sample’s kappa numberfrom Fig. 7.Finally, our results are based on measurements conducted
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on three kinds of pulp suspensions with a kappa numberof 2, 13, and 16, respectively. To make the results morereliable requires studying a range of pulp suspensionswith different kappa numbers. For online measurements,both setups shown in Fig. 1 can be combined simply bysplitting the laser output into two beams and projectingthem into different measurement points. This serves toreduce cost of the measurement system, while boostingits efficiency.
6. Conclusions
Pulp suspensions’ absorption and reduced scattering coef-ficients were determined simultaneously based on detect-ing the time-resolved stress profile and the total diffusereflection from the samples’ surface. It was shown that anapproximately linear relationship exists between opticalcoefficients and pulp consistency within the study range.Moreover, a linear relationship was also found between asuspension’s absorption coefficient and its kappa number.However, the kappa number had no effect on the reducedscattering coefficient. Hence, by measuring the absorp-tion and reduced scattering coefficient of an unknown pulpsuspension, we may determine its consistency and kappanumber. This measurement method has obvious potentialfor online applications if air bubbles in pulp suspensionswere removed.
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