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EXECUTIVE SUMMARY

This project is a three Phase project with the final goal of demonstrating a single-point, non-

contact monitoring system which can be mounted to a scanning platform. Ultimately, this

monitoring system will be used to control the papermaking process. Phase I of the project,

which this report covers, was concerned with evaluating available technologies for the

monitoring system, including stiffness and fiber orientation measurement methods. Phase II will

demonstrate an integrated system in a laboratory setting. Phase II will also begin to look at the

process control issues, in particular, what to do with the information available from the

monitoring system. Phase III will take the integrated system from Phase II to several mills for

field trials.

At the end of Phase I, we are proud to announce that all goals for the first year have been met

or exceeded.

On the instrumentation side of the project, a pair of web simulators were constructed which

can take strips of machine made papers and move them at speeds in excess of 40 m/s, plus apply

a simulated "flutter". These instruments have allowed the evaluation of 5 different types of laser

based ultrasound detection systems (for determination of stiffness properties) on moving paper in

a laboratory setting. These detectors included:

· Fabry-Pdrot

· Frequency domain photorefractive interferometers

· Time domain photorefractive interferometers

· Self-mixing vibrometer

· Photoinduced-EMF



All five detectors were capable of measuring ultrasound waves on stationary paper, and three

(Fabry-P_rot, self-mixing vibrometer, and photoinduced-EMF) were able to make measurements

on various grades of paper at production speeds (up to 25 m/s) completely non-contact.

Fiber orientation distribution (FOD) is another area of investigation during Phase I of the

project. Two fiber-orientation measuring instruments were built and successfully tested. The

first is based upon the measuring of dyed fibers in a sample, and is intended as a reference

instrument. The second is based upon non-contact light transmission/scattering through the

sample. Both were found to agree well with each other.

Also beginning earlier than originally planned, the equipment to evaluate the effect of

moisture content and temperature on ultrasonic velocities has begun to be assembled.

Phase II of the project will involve the integration of these technologies into an instrument

that will be used to probe the fundamentals of the papermaking process, with the intent to control

the paper machine for optimal product properties.
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I INTRODUCTION

1.1 Motivation for Present Work

Baum stated in a landmark paper published in 1987 the following (Baum, 1987):

"The elastic properties of paper form a basic set of parameters which are useful
for monitoring the effects caused by changes in process variables, capable of
predicting end use performance, and overall, help to provide a better
understanding of the fibrous network we cai1 paper. Elastic parameters also are
important in product design and modeling, e.g., in the construction of tubes,
boxes, food containers, etc. Eventually their use will help to control the paper
machine automatically. Because most of the elastic parameters needed to
describe paper can now be determined easily and non-destructively using wave
propagation methods, the opportunity exists to move forward in each of these
areas."

In the context of real-time control of the papermaking process, which is the long-term

motivation behind the present project, Table 1.1.1 summarizes in a very simple way the effect of

machine variables on different elastic stiffness properties (Baum, 1987; Ishisaki, 1997). It can be

seen that the inverse problem of predicting the behavior of individual sub-processes from elastic

stiffness measurements is complex because some of the processes can produce similar trends on

stiffnesses (e.g., refining and wet pressing). This implies that additional information is needed

such as the geometrical fiber orientation distribution (FOD) and the stiffness orientation

distribution (SOD). Differences between FOD and SOD can be appreciated in Figures 1.1.1 and

1.1.2. In Figure 1.1.1, one can see that the FOD for laboratory machine-made paper samples

manufactured under different wet straining and restrained conditions is unaffected by these

processes. This is not the case for the SOD in Figure 1.1.2, which is sensitive to wet straining

and/or restrained drying. Contrary to FOD, SOD depends upon built-in stresses.



Table 1.1.1 Effect of machine variables on elastic stiffness properties.
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Figure 1.1.1 Geometrical Fiber Orientation Distribution (FOD) for different paper
samples manufactured under different wet straining and restrained drying conditions.
Control sample (MD/CD ratio = 2.8) is in upper left corner. Straining and restraint
drying do no appreciably affect the FOD.
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Figure 1.1.2 Stiffness Orientation Distribution (SOD) obtained for different paper
samples manufactured under different wet straining and restrained drying conditions.
Control sample is in the upper left corner. Restraint drying and wet straining affect
SOD.

To this day, nobody has attempted to tackle the inverse problem presented by Baum,

experimentally, numerically, or theoretically. Because it is so difficult, it is believed that an

experimental approach must first be investigated to gather hard evidence. Also, it is postulated

that existing information obtained on a paper machine (grammage, thickness, moisture content,

web temperature) and currently unavailable information such as stiffness properties, FOD and

SOD, can be used in a meaningful manner to provide a preliminary layout of a model to control

the papermaking process.

1.2 Introduction to the Project

The task of achieving real-time control of the papermaking process is a long-term goal. First

it is necessary to develop appropriate instrumentation to determine stiffness properties, FOD, and



SOD, and demonstrate the functioning of this instrumentation first in the laboratory, then in a

mill environment. Since measurements would be of limited interest without an attempt to

interpret them and predict the impact of machine variables on paper mechanical properties, it is

important to begin as early as possible an investigation of the relationships between machine

variables and mechanical properties. This is the essence of this project. Commercialization of

technology, development of process control strategies, actuators, and development of a

monitoring system considering full sheet inspection rather than a scanner-based approach are

beyond the scope of the project.

The purpose of the project is two-fold:

1) To develop and demonstrate from the laboratory to the mill a new technology aimed
at determining stiffness properties, FOD and SOD on a moving paper web;

2) To begin an investigation of the inverse problem of relating paper mechanical
properties to paper machine variables.

There have been several research and development efforts associated with the development

of test methods to monitor paper stiffness properties on a moving web. However, all of them

have focused on the use of contact methods to probe paperboard. It is believed that the

availability of a non-contact method is largely preferable for several reasons' no potential

damage to the web, rich information content, extended grade monitoring. There are two possible

approaches' air-coupled transduction and laser-based ultrasound. The use of air-coupled

transducers is a priori attractive because it offers simplicity and is cost-effective. However, it

suffers from one major problem: measurements are sensitive to air path parameters (temperature,

humidity level, turbulence level). Also, the available information may be inadequate. The

second approach, laser ultrasonics, is more complex, but can provide the desirable information

(stiffness properties, FOD, and SOD). This approach was chosen for the following reasons:



· Extensive scientific support;
· Rich and reliable information content;
· Simultaneous detection of FOD and SOD;

· Unlikely to damage to the web;
· Test method suitable for fine papers and paperboards (universal method);
· Potential for 100% web inspection implementation.

As a first step aimed at demonstrating the concept of laser ultrasonics on non-moving paper,

The Institute of Paper Science and Technology requested the assistance of the Georgia Institute

of Technology (GIT) in 1994 to initiate research work on the use of lasers to excite and detect

Lamb waves in paper. Exploratory internal funding for a one-year project was awarded by both

institutions in September 1994. Results were obtained very early in the project (see Figure 1.2.1)

and showed that the technique was very promising. Since then, results have been reported on

different paper and paperboard grades (Brodeur et al., 1997).
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Figure 1.2.1 Laser ultrasonics validation results as obtained using different non-
moving paper and paperboard samples. One can see that machine direction (MD) and
cross-machine direction (CD) velocity results gathered using contact transducers and
laser ultrasonics are in very good agreement (Brodeur et al., 1997).



The next step in this endeavor was to address the more challenging task of performing laser

ultrasonics measurements on moving paper, first in the laboratory, then on a paper machine. A

research proposal was submitted to the Department of Energy, Office of Industrial Technologies

Agenda 2020 Program in 1996. The following organizations were invited to collaborate with

IPST: Idaho National Engineering and Environmental Laboratory, Georgia Institute of

Technology, and Honeywell-Measurex Corporation. The proposed work considered a three-

phase project over a four-year period:

· Phase I (Year 1): Laboratory Demonstration on Moving Paper (Proof of Concept);

· Phase I! (Years 2 and 3): Laboratory Demonstration of On-machine Prototype System;

· Phase III (Year 4): Field Demonstration of On-machine Prototype System.

The proposal was reviewed and recommended for funding by the Sensors and Controls Task

Group of the American Forest and Paper Association. The Department of Energy awarded a

three-year contract to IPST in September 1997 and funding was granted for the first two phases

of the project. It was agreed that additional funding would be provided for Phase III on the basis

of successful completion of Phase II. An updated version of the original proposal, which was

submitted to DOE in June 1997 to reflect the initial funding of Phases I and II, is reproduced in

Appendix A.

As soon as the project was authorized, the research team met for the first time at IPST.

Following an intensive brainstorming session on the latest scientific and technical developments

in the field of laser ultrasonics, a research plan for Phase I was devised. This plan was

continuously reviewed and updated to optimize resources and fully meet or exceed project



objectives. Also, two extensive review meetings were held in March and May. The actual

Statement of Work for Phase I can be seen in Appendix B. Also, anticipated Tasks for Phases II

and III, and an updated Time Schedule for the full project are displayed in Appendix B.

Now, one year later, we are very pleased to report that we were able to fully meet or exceed

project objectives for Phase I, especially the laboratory demonstration of laser ultrasonics on

moving paper. The experimental methodology and the results are reported in the following

sections.

1.3 Deliverables

Deliverables for the full project duration are:

Phase I (Year I):

· Laboratory demonstration of laser ultrasonic characterization of moving paper (Proof of

Concept).

· Development of image analysis and light scattering methods for fiber orientation

measurements.

Phase II (Years II and III):

· Laboratory demonstration of single-point on-machine prototype system to monitor the

mechanical behavior of paper during papermaking (include integrated detection of fiber and

stiffness orientation distributions).

· Development of a preliminary model relating mechanical properties of paper to papermaking

processes.



Phase III (Year IV):

· Mill demonstrations (fine paper and linerboard paper machines) of single-point on-machine

prototype system mounted on a scanning platform to monitor the mechanical behavior of

paper during papermaking.

* Technical and economical assessment of technology.



2 EXPERIMENTAL METHODOLOGY

2.1 Introduction

One of the major unknown variables in the strategy to understand and control the

papermaking process is the stiffness properties of the web. Ultrasonics has long been used to

determine, non-destructively, the stiffness of materials. This section details the use of non-

contact, laser-based ultrasound generation and detection on a moving web.

This section starts off with a review of laser ultrasound generation and detection. Five

different laser ultrasound detectors are then described and evaluated. In order to determine how

well they work on moving paper, a laboratory web simulator was constructed. Finally, an optical

scanning technique is described which reduces surface noise, and the effect of laser wavelength

on generation is investigated.
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2.2 Spectral Absorption of Paper (J. Gerhardstein, IPST)

From an optics standpoint, paper is a diffuse reflecting material with widely varying spectral

response. Some papers are designed to reflect most visible light to appear to have a high

brightness, and others absorb much of the visible spectrum. From the standpoint of building a

laser ultrasonic measurement system, it would be best to choose lasers with wavelengths that will

provide consistent results across grades for their desired tasks. Hence a literature search was

undertaken to try to determine what regions of the visible or non-visible spectrum would be best

for detection and excitation.

The majority of work in the literature available on light absorption in paper is concerned with

the visible region (400-700 nm), and for the most part is only concerned with a single value

called "Brightness". TAPPI has several methods to measure optical properties in the visible

region (T-442, T-452, T-480, T-519, T-524, T-525, T-527, T-534, T-646, T-653, T-1209)

(TAPPI, 1998), and these heavily populate the available literature.

There are several good references in the literature as to spectrophotometric measurements of

paper. Jordan and O'Neill (1988) performed a round-robin study on four samples to determine

the accuracy and precision of colorimeters. These samples cover a wide range of products and

pulp types. A graph of the percent reflectance for these samples in the visible region is shown in

Figure 2.2.1. The manilla is the only unbleached sample of the four. It shows much lower

reflectance from 400-500 nm than the bleached samples do. Reflectance generally increases

from the blue (400 nm) to the red (700 nm).
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Figure 2.2.1 Reflectance curves for a series of samples used in a round-robin study
for wavelengths from 400-700 nm, reproduced from Jordan and O'Neill (1988).
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Figure 2.2.2 Spectral response of bleached and unbleached sulfite and kraft pulps
from 400-700 nm. Samples are' A) bleached sulfite; B) unbleached sulfite; C) bleached
kraft; D) unbleached kraft. Reproduced from Scott and Dearth (1992).
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Figure 2.2.2, from Scott and Dearth (1992), shows reflectance for bleached sulfite (A),

unbleached sulfite (B), bleached kraft (C) and unbleached kraft (D). All four pulps have a higher

reflectance at higher wavelengths. As expected, bleached pulps (A & C) reflect more light

across the entire visible region than their respective unbleached pulps (B & D).
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Figure 2.2.3 Spectral response for dyed papers. Reproduced from Biermann (1996)o

In Figure 2.2.3, Biermann (1996) shows absorbance (=lOgl0 1/reflectance) for different

colored papers. As expected, different colors absorb different wavelengths. This diversity of

spectral responses makes the visible region a difficult area to try to find a universally high

reflection or absorption band in.
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Figure 2.2.4 Specific Absorption Coefficient, pulps A-C are bleached hardwoods, D
is a bleached softwood, and E is an unbleached softwood. Reproduced from Scott and
Dearth (1992).

Figure 2.2.4, from Scott and Dearth (1992) shows the specific absorption coefficient from

350-1600 nm. Five pulps are shown; A through D are bleached and E is unbleached. There is a

weak absorption peak in the infrared (IR) at 1250 nm and stronger one at 1500 nm, and a general

trend of increasing absorption from 600 nm down into the ultraviolet (UV). Absorption reaches

a minimum around 1100 nm for all samples except the unbleached one (E).

Fluorescent dyes are common in many high brightness papers. Figure 2.2.5 shows

measurements from Scott and Dearth (1992) on the effect of fluorescence in paper. Addition of

fluorescent dye increases emission in the blue (450 nm) region while increasing absorption in the

UV (375-400 nm).
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Figure 2.2.5 Effect of fluorescence in paper. Reproduced from Scott and Dearth
(1992).
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Figure 2.2.6 Absorption by lignin in the UV as measured by the photoacoustic
technique. Graph a is data for pine wood lignin in situ. Graph b is data for milled wood
lignin powder from spruce. The effect of cellulose absorption has been removed.
Reproduced from Gould (1982).
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Absorption in the UV is quite strong for most samples due to lignin. Figure 2.2.6 shows

work by Gould (1982) in which a photoacoustic technique was used to measure absorption in

lignin. The data shown is for pine and spruce lignin, where the effect of cellulose has been

removed. Strong absorption is seen in both samples in the 250-300 nm region.

The IR is a particularly interesting region to look for absorbance in paper, as many lasers

have fundamental frequencies in the 1-2 micron region due in part to the telecommunication

industry's use of fiber optic communications. In Figure 2.2.7, results from Pope (1995) show

absorbance spectrum from 1200 to 2400 nm. Absorbance peaks at 1500, 1920, 2100 and 2300

nm are present.

Paper Samples IL.:: I_aU_t_i_i_,'_l
.................

y

8.7._ ' - ' _; Ce I lu l°se:
........ ' ......... :................................................................ , _............ r,'-_'i_-'!......

: : : : : : : : :, : /:
e.b-_ i . . : : Ilater : : _., : i

........ :......... i......... i......... :........ :......... :......... :......... :..... _...:..... t ..

,'"".........._'_-_"'_""_'"'_........_.........:.....'-i_""_'"/"i....'__:_:'l'"i....'_'e.ste ........i.........:.,_..... i.........i....c_.xi.o.t_i.........i._\ ..i._..; ......_. _k._Jl.._i....._i
: : 'X.,: : : : : : :

i'--' ........:i........... i "i.....
{

8.3,'._

e .271_

8.218

8.158
1288.8 ialle.e 18ee.e teee.'e 2eee.e z2ee.e 248e.e

Wavelez_Lh (xinu.)

Figure 2.2.7 Absorbance spectrum of paper from 1200-2400 nm, showing
absorbance regions attributed to cellulose and water. Reproduced from Pope (1995).

Two lasers are currently used in the laser ultrasound setup: one for detection and one for

generation. In order to optimize the detection laser, a wavelength that provides good reflection
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from the web is preferred. In order to optimize generation, a wavelength that provides good

absorption would likely be best. Widely varying absorption spectrum of different papers in the

visible (400-800 nm) region due to dyes, fluorescence, bleaching and pulping methods (see

Figures 2.2.1 - 2.2.5) indicate that this region would not provide a universal solution for either

generation or detection. However, relatively good absorption bands in the UV and near IR due

to lignin and cellulose, respectively, exist. From the perspective of getting light to absorb into

paper, running either a UV (200-350 nm, see Figures 2.2.4 and 2.2.6) or an IR (1400 or 2100 nm,

see Figures 2.2.4 and 2.2.7) laser should be best. As lignin content in paper tends to vary

significantly as a function of pulping processes and bleaching, using the IR absorption band due

to cellulose should provide more repeatable generation.

Reflection generally increases with increasing wavelength in the visible region (see Figures

2.2.1, 2.2.2, and 2.2.4), to a minimum absorbance around 1100 nm (see Figure 2.2.4).

Several lasers exist in these suggested bands. For excitation, a laser such as Er:glass, which

has a fundamental at 1540 nm and sufficient pulse energy and repetition rate would be a good

choice. This region is also typically referred to as "eye safe", as the human eye is less sensitive

to wavelengths in this region than other wavelengths around it. Safety is a serious concern with

the generation laser due to the high optical powers typically needed to produce ultrasound. The

laser of primary interest in the suggested detection region is the CW Nd:YAG, with a

fundamental wavelength of 1064 nm. This laser is very common and typically quite

inexpensive. Both the Nd:YAG and Er:glass lasers are also solid state which will reduce their

maintenance requirements, size and electrical power consumption.
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2.3 Paper Samples (B. Pufahl, IPST)

In order to investigate laser ultrasonics techniques over a broad range of conditions, several

paper and paperboard samples were obtained from different manufacturers. Samples were

chosen based on percentage of total paper production and those that would benefit most from on-

line stiffness measurements. Moreover, they represented a wide range of grammages and

different bleaching conditions. Newsprint, art paper, copy paper, and raw stock paper were

chosen because of the impact of on-line stiffness measurements to the operation of the paper

machine. A medium sample and three grades of linerboard were chosen due to market share and

also because of the need for enhanced strength properties of the final product (corrugated

containers). Bleachboard and sack grades were chosen because of the need for uniform strength

in these products. A summary of the basic properties of the paper samples is presented in Table

2.3.1. Machine direction surface roughness measurements utilized an Emveco stylus contact

system, which reports average differences between two successive samples.

Table 2.3.1 Basic Paper properties.

Paper Sample Grammage Thickness Felt Side Surface Wire Side Surface
(g/m 2) (btm) Roughness (}xm) Roughness (btm)

Newsprint 44 64 2.85 3.02

ArtPaper 58 63 3.66 5.05

Copy Paper 80 91 2.66 2.83

RawStockPaper 87 106 3.20 4.66
Sack 87 109 5.36 5.96

26-1bMedium 125 195 8.53 9.80

33-1bLinerboard 163 203 7.98 6.73

42-1bLinerboard 205 276 9.81 7.62

Bleachboard 262 363 3.76 3.09

69-1bLinerboard 336 453 5.73 6.66
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All samples of a particular grade were cut at the same cross-machine position from a single

roll. To ensure uniformity of samples throughout the length of the paper, samples were cut

alternating between static test and dynamic test samples. The static test samples were cut to

dimensions of 18 cm machine direction by 18 cm cross machine direction while the dynamic test

samples were cut to 100 cm machine direction by 20 cm cross machine direction.

The static samples were preconditioned at 23 ° C and 20% RH for 24 hours according to

TAPPI test method T402 om-93 (TAPPI 1993). Following the preconditioning, the samples

were conditioned at 23 ° C and 50% RH for another 24 hours. Every fifth sample of the twenty

static samples was removed and measured under TAPPI standard conditions at 23 ° C and 50%

RH. The static samples tested using the laser ultrasonic equipment at IPST were maintained at

23 ° C and 50% RH while the samples at INEEL were not kept under temperature and humidity

constraints. However, temperature and humidity were monitored during experimentation at

INEEL.

The following parameters were measured for the five samples: grammage (TAPPI T410 om-

93), soft-platen thickness (TAPPI T551 pm-92), hard-platen thickness (TAPPI T411 om-89),

surface roughness (see below), in-plane velocities (Van Zummeren et al, 1987), out-of-plane

velocities (Habeger and Wink, 1986), and stiffness orientation angle (maximum stiffness angular

offset with respect to machine direction). From these parameters, the following values were

calculated: soft-platen apparent density, MD/CD velocity ratio, MD/CD stiffness ratio, MD-CD

Poisson's ratio, CD-MD Poisson's ratio, and the stiffnessconstantsC 1l, C22, C33, C44, C55, C66,

and C_2 (Mann et al, 1980). An 80 kHz wave was used for determination of in-plane ultrasonic

velocities via contact transducers on all paper grades. A 1 MHz wave was used to determine out-
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of-plane ultrasonic velocities for all grades except for the art paper, which was tested with a 5

MHz wave. Both out-of-plane waves were propagated through 20 mm neoprene-faced delay

lines with a contact pressure of 50 kPa. Ultrasonic velocities obtained by contact methods were

used as a basis for comparison with laser ultrasonic measurements. Table 2.3.2 contains the

contact ultrasonic values recorded for the different paper grades.

Table 2.3.2 Contact Ultrasonic Stiffness Measurements.

Newsprint ArtPaper Copy Raw : Sack
Paper Stock

Paper
Soft Platen Density (g/cm 3) 0.686 0.928 0.876 0.818 0.801
MD Longitudinal Velocity (km/s) 3.274 3.470 3.468

CD Longitudinal Velocity (km/s) 2.322 2.459 2.779
MD Shear Velocity (km/s) 1.651 1.757 1.893
CD Shear Velocity (km/s) 1.651 1.774 1.915
45° Shear Velocity (km/s) 1.634 1.744 1.882
MD/CD Longitudinal Velocity 1.410 1.411 1.248
Ratio

MD/CD Longitudinal Stiffness 1.99 1.99 1.56
Ratio

MD-CDPoisson'sRatio 0.19 0.18 0.20

CD-MDPoisson'sRatio 0.37 0.36 0.31

StiffnessPolarAngle(o) -0.9 -1.8 -11.4
ZD Longitudinal Velocity (km/s) 0.217 0.631 0.415 0.411 0.444
ZD-MD Shear Velocity (km/s) 0.600 0.501 0.487

ZD-CD Shear Velocity (km/s) 0.540 0.485 0.440
Cll(GPa) 9.39 9.85 9.64

C22 (GPa) 4.72 4.95 6.19
C33(GPa) 0.032 0.369 0.151 0.139 0.158

C44(GPa) 0.251 0.195 0.145
Css(GPa) 0.311 0.208 0.173
C66 (GPa) 2.39 2.53 2.87

C12(GPa) 1.77 1.77 1.93
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Table 2.3.2 Contact Ultrasonic Stiffness Measurements (Cont’d). 

Soft Platen Density (g/cm3) 0.640 0.800 0.742 0.720 0.741 
MD Longitudinal Velocity (km/s) 3.3 17 3.728 3.360 3.484 
CD Longitudinal Velocity (km/s) 2.076 2.234 2.488 2.176 
MD Shear Velocity (km/s) 1.565 1.732 1.757 1.666 
CD Shear Velocity (km/s) 1.577 1.730 1.755 1.679 
45” Shear Velocity (km/s) 1.500 1.644 1.736 1.566 
MD/CD Longitudinal Velocity Ratio 1 1.60 / 1 1.669 1 1.350 1 1.602 

MD/CD Longitudinal Stiffness Ratio 1 2.79 1 1.82 1 2.57 

MD-CD Poisson’s Ratio I 0.19 I 1 0.18 I 0.19 I 0.19 
CD-MD Poisson’s Ratio 
Stiffness Polar Angle (“) 20 15 -1 . 1 -1 0 

’ ZD Longitudinal Velocity (km/s) 0.403 0.316 0.368 0.274 0.227 
ZD-MD Shear Velocity (km/s) 0.56 1 0.476 0.403 0.36 1 
ZD-CD Shear Velocity (km/s) 0.456 0.437 0.376 0.322 
Cl1 @Pa) 7.04 10.3 1 8.13 9.00 
c22 @Pa) 2.76 3.70 4.46 3.51 
c33 (GPa) 0.104 0.080 0.100 0.054 0.038 
G4 @Pa) 0.126 0.136 0.107 0.077 
G5 (@a) 0.182 0.162 0.124 0.096 
C66 (GW 1.57 I 2.23 1 2.22 1 2.06 

I 1.31 I 1 1.82 I 1.53 I 1.73 
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2.4 Moving Web Simulator (B. Pufahl, IPST)

A web simulator system was developed to provide a controlled environment for simulating

the behavior of a paper web in an open draw. Factors considered during design of the system

included: maintaining machine direction orientation of the paper sample, providing an

unsupported area of paper for testing, variable speed capability, accurate positioning for flutter

simulation, and an adjustable base for aligning the motion of the paper perpendicular to the laser.

Two web simulators were built, one for use by IPST and another for INEEL. The INEEL system

was installed in April. After some minor changes to the design of the drive system, the IPST

system was installed in June.

Acrylic Cylinder

Flexible Shaft

Motor Controller

Actuator Controller

Figure 2.4.1 Web simulator cylinder detail.



22

Paper samples of the size 84 cm machine direction by 20 cm cross-machine direction are

attached to two acrylic drums that are separated by 5 cm (see Figure 2.4.1). In addition to the

separation gap, one configuration of the system utilizes drums that have 10.0 cm diameter access

holes (see Figure 2.4.2). This configuration allows the transducers to be mounted behind the

paper during sheet flutter simulation as well as during smooth operation (no flutter). Another

configuration utilizes solid disks mounted to the drive shaft and the acrylic drums (see Figure

2.4.3). In this arrangement, the vibration of the surface of the drums is minimized while the

maximum speed of the system is substantially increased.

Drive Wheels

LinearGuide Actuator

Transmission

Figure 2.4.2 Wire side access configuration.
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Paper

Solid Disk

Linear Guide

Flexible Shaft

Figure 2.4.3 Solid Disk Configuration.

The system utilizes a variable speed DC drive that currently provides a speed range from 0.4

to 13.5 m/s (25 to 810 m/min or 82 to 2660 fpm) in the configuration with the access holes

(configuration #1). In the configuration utilizing solid disks mounted to the drive shaft

(configuration #2), the speed range is from 2 to 47.5 m/s (120 to 2850 m/min or 394 to 9350

fpm). A linear electromagnetic actuator with integral position feedback is utilized for simulation

of sheet flutter. This arrangement provides 2 cm peak to peak displacement at frequencies up to

10 Hz with a reduction in displacement to 0.25 mm at 100 Hz. The actuator also has the

capability of producing complex wave shapes in addition to basic sine waves. Accurate speed

control of the cylinder during flutter trials is accomplished through the use of a flexible drive

shaft. Surface speed is monitored by a fiber optic trigger that senses reflective tape attached to

the cylinder.

All hardware is controlled by a custom LabVIEW program utilizing a National

Instruments data acquisition card. The software allows the user to control surface speed via RS-

232 cabling to the motor controller. Timing signals from the motor tachometer and cylinder
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trigger are used to determine cylinder speed and rotation position at the time of lasing. Similarly,

LVDT feedback from the linear actuator is used to determine distance from the paper sample to

the optics, linear velocity, and direction of travel. The program also allows the user to control

the frequency and amplitude of the linear displacement as well as step and hold to a given linear

· o

pos_non.

Several safety features were added to the design to prevent operator injury or damage to

the laser and optics in the event of a failure. These features include: a completely enclosed drive

system; a detachable hood covering top, sides, and back of the acrylic cylinder; a fail-safe brake

on the motor; an emergency switch to disable power to all system components; locking collars

on the linear slides; and a cylinder design that includes aluminum backing rings for strength and

prevents the cylinder from being thrown from the machine in the event of a failure. In addition,

all rotating elements were specified to operate at approximately 75% of their recommended

continuous speed.

At this time, the INEEL system has operated for over 100 hours at a maximum speed of

400 m/min. INEEL has also taken advantage of the linear actuator capabilities to determine the

effects of depth of focus and sample movement on the laser detection system. The IPST system

has operated for approximately 40 hours with a maximum speed of 1800 m/min. Both systems

are currently using a single cylinder arrangement with a narrow paper sample attached to the

cylinder.
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2.5 Laser Ultrasonics

2.5.1 introduction

The reception of ultrasonic signals propagating along moving paper webs is a challenging

assignment. The webs travel at high speed in mechanically noisy environments. Progress has

been made using piezoelectric techniques, nonetheless laser detection promises significant

advantages. The ability to receive ultrasonic signals without contacting the web is the foremost

attraction of the laser approach. Laser interferometry can recover a trace of the ultrasonic

disturbance by mixing a reference beam with another coherent laser beam reflected from the

surface. There is no need to struggle with direct piezoelectric connections to the paper. The

papermakers' reservations about instrument damage to the product fall away. Also, laser

interferometry is a more broadband detection method; pulse transmissions are not distorted and

elongated as they are when using the more resonant piezoelectric techniques. Measurements can

be made at higher frequencies allowing application to shorter ultrasonic paths. The laser

detectors are much more sensitive to antisymmetric mode propagation than are piezoelectric

instruments.

The experimental investigation of laser-based methods to generate and detect Lamb

waves in paper constituted the bulk of the research work during Phase I. Since the main goal

was to demonstrate that laser ultrasonics can indeed be successfully used to detect Lamb waves

in moving paper, our first task was to analyze all existing approaches and determine which ones

would most likely work on moving paper before proceeding to experimental work.
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2.5.2 Principles of Laser Ultrasonics generation (E. Lafond, IPST)

On paper products, like many other materials, there are basically four ways to generate

ultrasound with a laser beam. The means of generation depend on the power density of the spot

(power/area of the spot) at the surface of the material (Scruby et al., 1990; Castagnede et al.,

1992; Edwards et al., 1989).

At low power density, the generation occurs in the so-called thermoelastic regime. In this

regime, the surface of the material is heated very quickly by the laser beam. The sudden thermal

expansion and subsequent contraction caused by heating generate stresses inside the material in a

very short time, which become ultrasonic waves. In this regime, the ultrasonic waves are

generated in the plane of the material. In the case of paper, this regime is expected to generate

mainly in-plane So waves (see Figure 2.5.1).

In-phne displacement Out-of-plane displacement 45 deg disphcement

-,,., ,,-,. eapersheet _

Figure 2.5.1 Definitions of displacement directions.

At higher power densities, the laser spot can be intense enough to vaporize the material

surface to a depth of a few nanometers or micrometers. The sudden vaporization of the material

creates a reaction over the surface that in turn generates stress mainly in the out-of plane

direction. Waves generated using this ablation regime are essentially A0 waves due to the out-of-

plane stresses.
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At an intensity in between those of the thermoelastic and ablation regimes occurs the so-

called intermediate regime, which utilizes a combination of slight ablation and thermoelastic

expansion. This regime generates both in-plane and out-of-plane waves and thus is appropriate

when we need to generate both So and A0 waves.

The fourth way to generate ultrasonic waves is in the high energy plasma regime where

vaporized and ionized particles from the material surface can start a laser-generated plasma at the

laser spot. The plasma can also be ignited in the air by focusing the laser beam tight enough that

the intensity exceeds the breakdown level of the air. This plasma creates a shock wave that

propagates in the air and the incoming wavefront generates out-of plane stresses and

displacements when it hits the material. The amount of energy required is much higher than for

the other generation regimes and the spectrum of waves generated usually consists of lower

frequencies. Therefore, this method of generating ultrasound was not investigated.

2,5.2, 1 Generation of ultrasound

Table 2.5.1 FWHM and maximum pulse power for Continuum Surelite 1-20
Nd:YAG pulse laser.

Wavelength: 1064nm 532nm 355nm
(infrared) (green) (ultraviolet)

PulseFWHM 5-7ns 4-6ns 4-6ns

Maximum energy per 420mJ (theor.) 160mJ(theor.) 55mJ (theor.)
pulse 413mJ(meas.) 168mJ(meas.) 57mJ(meas.)
Repetitionrate 20Hz 20Hz 20Hz

The generation system used at IPST is a pulsed Nd:YAG laser capable of generating a 1064

nm fundamental wavelength (near infrared), plus harmonics at 532 nm (green) and 355 nm

(ultraviolet) with the use of nonlinear optical crystals. The laser is a Continuum Surelite 1-20
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with doubling and tripling crystals, and wavelength separators. The FWHM (Full Width at Half

Maximum) of the laser pulse and the maximum energy are displayed in Table 2.5.1.

The diameter of the beam at the output of the laser is 6 mm at 1/e2 intensity. This beam

needs to be focused, typically into a spot of 1 mm or less on the paper so that it can generate high

frequency acoustic waves.

INEEL also uses a pulsed Nd:YAG for laser generation of ultrasound. This laser operates

at 1064 or 532 nm, with a pulse length of 15 ns and up to 400 mJ of energy per pulse.

The maximum energy available from the pulsed lasers is far too high for paper and would

damage its surface when the spot is focused, so the beams are attenuated using an optical

attenuator placed after the output of the laser beam.

Contact piezoelectric transducers specially designed for sending So or A0 waves into the

paper can also be used for ultrasound generation.

The set up of the laser based ultrasound system used at IPST is a relatively standard one.

The pulsed generation laser is the master of the system and triggers the data acquisition. The

detection system detects displacements continuously since the laser used for the detection system

is CW (Continuous Wave). The setup at INEEL is very similar.

2.5.2.2 Data acquisition system

Traditional time based signals are recorded in a straightforward manner. At the output of

the interferometer, the signal may be sent directly to the data acquisition system, or an ultrasonic

preamplifier may be used to boost the signal before recording. The preamplifier used at IPST
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has a gain of 39.2 dB with a bandwidth of 16 kHz to 6 MHz at -3 dB. Figure 2.5.2 shows a

picture of the data acquisition system used at IPST.

Figure 2.5.2 Data acquisition system, IPST setup. Computer with A/D is on the left,
and digital oscilloscope is on the right. Panametrics preamplifier is the small blue box
between the computer monitor and the oscilloscope.

The A/D board used with the IPST laser-based ultrasound setup allows a sampling rate of

130 MSamples/sec on one channel or 65 MSamples/sec on 2 channels. It is an 8 bit (256 levels)

A/D board which allows collection of pre- and post-trigger data for recording times ranging from

a few gs up to a few ms on 5 different voltage scales. The A/D board is driven with custom

software written in LabVIEW and the data files are saved in an ASCII format.
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An alternate method is to use a digital oscilloscope with storage capabilities. This was

done at INEEL. Frequency based data storage techniques are more complicated and are

described later in Section 2.6.4.

2.5.2.3 Ultrasonic detection systems used at INEEL

Two different ultrasonic detection systems were evaluated at INEEL during Phase I:

,, Fabry-P_rot system already in place from other research.

· Time domain PRC method already in place from other research.

Both of these systems were optimized for use on paper. The two detectors were completely self-

sufficient (they did not share parts) and were both able to be mn through the entire year. In

addition, INEEL provided valuable help in establishing the BSO time based interferometer at

IPST.

2.5.2.4 Ultrasonic detection systems used at IPST

Three different detection systems have been investigated at IPST on paper products during

the first year.

· An in-house built Photorefractive interferometer with a BSO crystal for measurements on

static paper only.

,, A photoinduced-EMF interferometer with a custom optical design for paper, on loan from

Lasson Technologies, Inc., both on static and moving paper.

· A vibrometer using the self-mixing method, on loan from Metrolaser, Inc.

The first two systems used an Innova 308, 1.9 Watt single line argon:ion laser from

Coherent. The vibrometer used a built in 5 mW diode laser at 780 nm.
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In Phase II of the project, an in-house built Photorefractive interferometer with a GaAs or

CdTe:V crystal for detection will be used on static and moving paper. This interferometer will

use a Compass Nd:YVO4 laser from Coherent with fundamental output of 600 mW at 1064 nm.

2.5.3 Comparative analysis of interferometric methods (E. Lafond, IPST)

This section is focused on the choice of a laser-based ultrasonic detection device. The

comparative analysis of interferometric methods is valid for paper products only. For other

products, the results of the analysis could be quite different.

Paper is a very interesting material to inspect in the sense that its properties make it more

difficult to do non-contact ultrasound detection than most of the usual industrial materials. The

problems that need to be addressed are the following:

· Detection on a moving surface.

· Surface moving with a very high speed.

· Paper surface is highly scattering (diffuse reflection of light).

· Optically absorbing surface in some cases (unbleached grades) or partially transparent (low

basis weight grades), therefore only a small portion of the incident light is retro-reflected.

· Paper surface is easily damaged by too much power.

The objective is to detect ultrasonic displacements as low as 1 nm (So wave) with a

bandwidth of 50 kHz to 4 MHz over a duration of about 200 gs on a surface moving at a speed

between 10 m/s and 25 m/s.
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All available "interferometric" optical methods can be separated into different groups and

subcategories:

· Non-interferometric method' knife-edge detection.

· Mach-Zehnder and Michelson interferometers.

· Fabry-Pdrot interferometer.

· Self-mixing laser interferometer.

* Photorefractive adaptive interferometers:

o Self pumped phase-conjugate mirror and Double phase conjugate mirror techniques.

° Two wave mixing using BSO or infrared photorefractive crystals, time domain
detection.

° Two and four wave mixing for imaging techniques, frequency domain detection.

o Photoinduced electromagnetic force interferometer.

The main criteria when dealing with these interferometers are their response time, their

dtendue, and their sensitivity to displacement. The speckle pattern of the paper changes

extremely quickly and can prevent the interferometer from working and thus prevent the

ultrasonic signal from being detected. The different techniques for ultrasound detection are

reviewed in the following sections.

2.5.3. 1 Knife-edge detection

In the case of the knife edge detection, this type of detector only works well with a specular

reflection, and the sensitivity to displacement is significantly reduced on scattering surfaces.

Also any fluttering of the paper will induce huge artificial signals totally unrelated to ultrasonic
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displacements, thus masking the signals of interest. Figure 2.5.3 shows a schematic diagram of

the knife-edge detection system.

Detector

Knifeedge

Paper slx

Figure 2.5.3Knife-edge detection system.

2.5.3.2 Mach-Zehnder and Michelson interferometers

In the case of the Mach-Zehnder and Michelson interferometers (see Figure 2.5.4), another

problem occurs caused by the changing speckle pattern of the paper. The Mach-Zehnder and

Michelson interferometers work correctly only when they detect a single speckle of light. In

order to detect a single coherent speckle, the detection laser beam needs to be focused close to

the diffraction limit onto the surface of the sample. This makes these detectors very sensitive to

small displacements but also leads to the disadvantage of a very small dtendue (product of the

solid angle of scattered light collected by the detection optics and the area of illuminated

surface). The dtendue parameter characterizes the ability for an optical system to collect light

efficiently. Hence, these two interferometers have to be aligned very accurately to pick up a good

speckle pattern.
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Figure 2.5.4 Mach-Zehnder heterodyne interferometer (from Johnson 1996).

Since the speckle pattern is dependent on the sample surface roughness, as soon as the

surface changes under the beam, the speckle pattern changes and the interferometer is no longer

properly aligned, resulting in the loss of the ultrasonic signal. For a moving surface, the signal

appears and disappears randomly and the higher the speed the greater the amount of time spent

without a signal. Sagnac and/or polarimatric interferometers (which are not described here) have

the same problem as the Mach-Zehnder and the stabilized Michelson do' they only work with a

single speckle.

2.5.3.3 Fabry-Pdrot interferometer

The Fabry-Pdrot interferometer, as schematically shown in Figure 2.5.5, is a much better

alternative than the previously described interferometers for measurements on moving products
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since the interferometry is done between the same optical wavefront delayed by a very short

time. This eliminates the single speckle requirement, so it does not matter if the light coming

back from the surface is speckled or not. Also, the Fabry-Pdrot is the fastest of the

interferometers able to work on rough surface (typical response time: 0.1 ps). A confocal Fabry-

Pdrot has a very large dtendue so it collects light very efficiently and provides a good signal to

noise ratio.

A
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Figure 2.5.5 Fabry-P(_rot interferometer (Monchalin and H(_on 1986).

Up to now, the Fabry-P_rot is the only optical interferometer that has been successfully

used in an industrial application for ultrasonic detection. J.P. Monchalin (1986) from Industrial

Materials Institute in Canada has used the Fabry-Pdrot for ultrasound detection on hot steel pipes

moving over 4 m/s.

The two disadvantages of the Fabry-P6rot are as follows: first, the interferometer is quite

large (typically 1 m long and 0.5 m wide), second, the frequency response of the device is not

fiat, and the sensitivity falls off rapidly outside its typical bandwidth of 1 to 100 MHz. The
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second disadvantage makes this device not optimal for detection of Lamb waves in paper, which

are mainly below 1 MHz. Bandwidth can be lowered into the region for paper by increasing the

cavity length. However, this increases the size of the interferometer as well as making it more

sensitive to alignment.

2.5.3.4 Self-mixing interferometer

For self-mixing interferometers, as shown in Figure 2.5.6, the weakness is the same as the

one pointed out in the Mach-Zehnder interferometer; that is, it can only work with a single

speckle. Nevertheless, an advantage exists in that it can work with much less light than the

Mach-Zehnder interferometer.

or target

I , Dicrle_ or
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Figure 2.5.6 Self-mixing laser interferometer.

The self-mixing interferometer will likely have a decent signal to noise ratio (SNR) on both

highly reflective and very absorbing surfaces (such as kraft linerboard) even with a low power

laser. There is still the same problem of losing the signal with the change of speckle pattern

caused by the moving paper. It is likely that the noise caused by the changing speckle pattern
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caused by the moving paper. It is likely that the noise caused by the changing speckle pattern

will be added to the signal coming from the ultrasonic displacements and will be of much higher

amplitude than the signal (hence masking the signal).

2.5.3.5 Photorefractive adaptive interferometers

Photorefractive interferometers are the newest type of interferometer and have a high

potential of further improvement as advances in material science (to produce quality optical

crystals) are taking place very fast in this area. This type of interferometer uses photorefractive

crystals to adapt a planar reference wavefront to a speckled signal wavefront (light back scattered

from the paper). This can produce significantly more efficient interferometry than the Mach-

Zehnder interferometers can on rough surfaces. Photorefractive interferometers can come in two

beams designs like the Mach-Zehnder, as well as 4 beams designs. However, the theoretical

sensitivity limit of such interferometers is smaller than that of a Mach-Zehnder heterodyne

interferometer on mirror-like surfaces. Of course this theoretical sensitivity limit is irrelevant to

paper products which have a very scattering surface. In this latter case, a higher sensitivity is

achieved using the photorefractive interferometer even on static targets.

2.5.3.5.1 Self pumped phase-conjugate mirror and Double phase conjugate mirror techniques

These techniques, as shown in Figure 2.5.7, were not investigated experimentally because

despite the fact that they can collect and use much more light than the Mach-Zehnder

interferometer, they are extremely slow to achieve the effect they rely on (typically a few

seconds).
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Figure 2.5.7 Double phase conjugate mirror (Delaye et al. 1996).

This slow response time makes them unsuitable for on-line detection in a mill and will

prevent them from being used on moving paper.

2.5.3.5.2 Two-wave mixing using BSO or infrared photorefractive crystals, time domain
detection

Two-wave mixing is the second fastest of the photorefractive techniques and has been used

for ultrasound detection since 1991 (Ing et al., 1991). The response time of a two-wave mixing

interferometer depends mainly on the type of photorefractive crystal employed. It can be used

for detection in the frequency domain or in the time domain. The sensitivity to displacements

(related to the gain of the crystal) and response time (related to laser power density) depends on

many different factors such as the material constants, the wavelength used, and whether a DC or

AC voltage is applied to the crystal.

There is a big difference both in sensitivity and response time between the two classes of

photorefractive crystals: the Sillenite type, such as Bil2SiO20 (BSO), Bi_2GeO20 (BGO),
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Bii2TiO20(BTO), working in the visible range, and the semiconductor photorefractive crystals

which work in the infrared range, such as undoped GaAs, InP:Fe and CdTe:V.

The Sillenite type crystals are very sensitive to displacements and have a slow response

time (> 10 ms), whereas the semiconductor photorefractive crystals have the opposite properties.

However, the sensitivity of semiconductors can be greatly increased by applying a DC or AC

voltage to the sides of the crystal. By opposition, the response time cannot be dramatically

reduced for crystals of the Sillenite type by any means.

Innova 308, ....%N . polarizing microscope

Detection !i:i_! beamsplitter"_ objectivel0X ._/

las er _ ____ ....... _,,,_/:.s:

X/2 plate _:I X/4 plate /

3J2 plate i}i Paper -'""sample

High DC voltage m "i;_:i_:mi ii i m,power supply

e °'t°:efrX'sloe!i
A/D board mm with applied DC _i____ polarizer

"_ field _ _!_

_-'_i :__ lens

Panametrics preamp i _!

(high-passfilter) _!ii photodiode

Figure 2.5.8 Two wave mixing photorefractive interferometer version 1.5, IPST
setup.

IPST currently uses a BSO crystal in its photorefractive interferometer for measurements

on static paper, as shown in Figure 2.5.8. It has been found that a crystal with a very fast
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response (typically a semiconductor crystal) should be used with moving paper instead of the

BSO because the speckle pattern changes so rapidly. A typical response time of a GaAs or

CdTe:V crystal is between 1 and 10 gs, and this is probably the maximum acceptable for paper

moving at high speeds.

A Canadian company, UltraOptec Inc. has recently been marketing a laser-ultrasonic

receiver using an InP:Fe crystal, but it appears that the sensitivity of this detector decreases

quickly with increasing speed. Its sensitivity goes down to 20% of its maximum value at speeds

of 1-2 m/s. It is unlikely that this receiver would work without a device such as a scanning

mirror (see Section 2.6.7.2) to reduce the differential speed between the detection beam and the

web. However, an interferometer using a GaAs or CdTe:V crystal could be fast enough for

paper and will be investigated in the future.

2.5.3.5.3 Four wave mixing and two wave mixing for imaging techniques (frequency domain
detection)

This technique, as shown in Figure 2.5.9, uses four wave mixing or two wave mixing

optical lock-in methods to display the ultrasonic displacement field of the paper's surface onto a

CCD camera through the photorefractive crystal.

The crystals that can be used for this method are the same as the ones for two-wave mixing

with the same advantages and drawbacks. The big advantage of this method on static paper is

that it can obtain the complete information about wave velocity in all directions all at once, at

one fixed frequency. The drawback is that instead of being focused, the beam of the detection

laser is spread over a large surface and thus the quantity of light coming back onto the crystal

(and hence on the detector) from any one speckle is very small. This method works well for
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static paper samples. However, when it becomes necessary to detect waves on a moving web, it

seems unlikely that both the signal to noise ratio and the response time will have adequate

values.

lasur BS EO modulau

-- :{i { I
.li2 2

I41 M
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Figure 2.5.9 Four wave mixing imaging technique. PRC = photorefractive crystal;
EOM = electro-optic modulator; BS = beam splitter; M = mirror; 81and 52 = phase
modulated signal and reference beams, respectively (reproduced from Hale and
Telschow 1997).

Until there is a great improvement in the sensitivity of photorefractive crystals, the four

wave mixing and two wave mixing imaging techniques in the frequency domain do not seem to

be suitable for moving paper. But it is definitely a method that should be watched in the future

when the sensitivity improves with better photorefractive materials (polymers for example)

because of its capacity to do full field ultrasonic imaging.

2.5.3.5.4 Photoinduced electromagnetic force interferometer

This interferometer, as shown in Figure 2.5.10, relies on a phenomenon that makes it the

fastest of all photorefractive interferometers because some of the usual steps required for a



42

photorefractive interferometer to work properly are skipped. Due to the photoconductivity

property of a photorefractive crystal, a very small current is created on the surface of the crystal

by the slight phase shift of the speckles caused by the ultrasonic motion of the paper surface.

The current generated by photoconductivity is representative of the ultrasonic motion and can be

measured between two electrodes on the sides of the crystal.

.,_:<.,,c:.............................................Innova 308,Paper ..........................................................<_.......................................................Detection laser
sample

X/2 plate ii amplifier

I I " I,,polarizing Signal _2>

emf detectorWeb beam
simulator

Figure 2.5.10 Photoinduced-EMF interferometer.

The detection spot can be either a point or a line, as with a two wave mixing-time domain

interferometer. All photorefractive crystals create a photoinduced-EMF current, hence any

crystals can be used. The device on loan from Lasson Technologies that was tested at IPST on

the web simulator relies on a Chromium doped GaAs crystal (GaAs:Cr).

As in the case of two-wave mixing time domain interferometers, the frequency response of

this interferometer is fiat and very well adapted to the purpose of Lamb waves detection. It cuts

off the low frequencies that are typically present in a mill (below 1 kHz) and the upper limit can

be set at any value by the electronic bandwidth of the amplifier.
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On 42-1b linerboard and bleachboard, the photoinduced-EMF detector was able to detect

signals at speeds up to 14.5 ngs (maximum speed of the web simulator at that time).

2.5.3.6 Improvement of an interferometric method by using a scanner

Some of the interferometric methods cited above are likely to be improved when a

scanning mirror is used. The scanning mirror should reduce the differential of speed between the

laser detection beam and the web surface. Indeed, theoretical and experimental observations

show that when the web speed increases, the signal to noise ratio drops sharply. This is caused

by an increase of the noise with the speed and a decrease of the signal (not enough time for the

speckle pattern to build up the diffracted beam).

The interferometric methods that can be improved using a scanning mirror are the Fabry-

P_rot interferometer, the two-wave mixing using infrared crystals (not those of Sillenite type),

and the photoinduced-EMF interferometer. Also, the interferometric methods that possibly could

be improved are the two and four wave mixing for imaging techniques in the frequency domain,

and the self-mixing method.

2.5.3. 7 Preliminary conclusion on interferometric methods

The comparison among the interferometric techniques has identified several techniques that

will not work for the detection of Lamb waves on moving paper at high speeds. These include

the knife-edge detection, the Mach-Zehnder and the Michelson interferometers.

On moving paper, the most promising devices up to now are the Fabry-P_rot

interferometer, the two-wave mixing using infrared crystals and the photoinduced-EMF

interferometer. The Fabry-P_rot and the photoinduced-EMF interferometers have been

successfully demonstrated on moving paper in a laboratory environment (Phase I).
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2.6 Laser Ultrasonics Measurements

2.6.1 Analysis of Paper Using Orthotropic Plate Theory (J. Jong, IPST)

This section provides an overview of how to investigate stiffness properties of paper

samples using a non-contact laser ultrasonic technique. Assuming that paper can be modeled as

an orthotropic material, that is, a material that has three mutually orthogonal symmetry planes,

then there exists an empirical relationship between the properties of paper stiffness and the

elastic constants [Baum, 1987]. For a thin paper, two fundamental Lamb wave modes, the So and

A0,are present (Figure 2.6.1). The So mode is also called the fundamental dilatational mode and

is used to predict longitudinal stiffness properties. The A0 mode is the fundamental bending

mode and is used to determine shear stiffness properties. As the signal propagates in the paper,

the two modes are detected and analyzed in relation to the stiffness properties.

Figure 2.6.1 A0 antisymmetric (left) and So symmetric (right) mode shapes as viewed
from the edge of a sheet of paper.

The symmetric Somode is nondispersive in the low frequency limit, and a time-of-flight

measurement can evaluate the longitudinal stiffness properties by measuring the velocity of

ultrasound along MD and CD. On the other hand, the antisymmetric A 0mode is dispersive and

the asymptotic A ovelocity in the high frequency region can be used to determine the shear

stiffness properties in the out-of-plane directions. It is also possible to determine the stiffness
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properties using the characteristics of the A0velocity in the low frequency region by way of non-

linear curve fitting.

The velocity of the Somode is analyzed for selected samples using a cross-correlation

technique and compared with the one obtained using contact transducers by Brodeur et al.

(1997). The analysis of the A0mode is an important tool because the A0 mode is readily

detectable in the signal due to its large amplitude.

Nevertheless, the interpretation of the A 0mode is not straightforward because the phase

velocity disperses as a function of frequency. A data analysis technique is developed to interpret

the dispersive Ao signal using a similar approach taken by Schumacher et al. (1993). The

technique contains a method of extracting phase velocities from Fast Fourier Transformation and

unwrapped phase angle spectrum. Furthermore, phase angle corrections are required to

compensate for the phase shift in the low frequency region. The analysis technique is compared

with the one described by Johnson (1996) on copy paper.

The theory of Lamb waves typically used in paper has been studied by Habeger et al.

(1979), Cheng and Berthelot (1996) and Johnson (1996). They all have described an important

relationship between frequency and wave velocity that must be satisfied for a Lamb wave to

exist. It is known as the dispersion equation in the following form'

I 1
tan(k_+ .h) _ H_.G+

tan (k=_.h) _+ _ (1)

where h is the half thickness of paper, k_ H__+and G+are functions of frequency f, wave velocity

c and the elastic constants of paper. The wave motion of a particular mode can be predicted by

choosing f and c that can satisfy the dispersion equation. The symmetric modes correspond to the
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solutions of the dispersion equation with a positive exponent, while the antisymmetric modes

correspond to those with a negative exponent.
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Figure 2.6.2 Dispersion curves of copy paper and linerboard 42-1b · The grammages
of copy paper and 42-1b linerboard are 80 g/m 2 and 205 g/m 2, respectively. Each wave
mode is identified by a letter (S for symmetric and A for antisymmetric), followed by a
number indicating the order of the mode. As the frequency increases, all modes are
known to approach an asymptotic phase velocity, which is a Rayleigh surface wave.
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A complete derivation of the dispersion equation is found in the study by Habeger et al.

(1979), who also simplified the dispersion equation in the low frequency limit. For the two

lowest modes, SOand A 0, the simplified relations are

ICll

c- for the SOmode (2)
P

c - 2zr- f.h. for the A0 mode. (3)
 3pj

where C_ is the elastic stiffness constant in MD (Pa), p is the apparent density of paper (kg/m3),

h is the half thickness of paper (m), f is the frequency (Hz) and c is the wave phase velocity

(m/s). The error associated with using Equation 2 to approximate the value for C_1from the So

mode was found to be no more than 2% [Mann et al., 1980].

The dispersion equation was numerically solved for two paper grades: copy paper and

42-1b linerboard. The stiffness constants used to solve the equation were measured using the

contact ultrasonic instruments at the Institute of Paper Science and Technology (see Section 2.3).

The concept of this method is well described by Habeger et al. (1989). Figures 2.6.2 show

dispersion curves for copy paper and 42-1b linerboard in MD and CD. Each wave mode is

identified by a letter (S for symmetric and A for antisymmetric), followed by a number of the

order. As the frequency increases, all modes are known to approach an asymptotic phase velocity

[Viktorov, 1967, Mann, 1978]. This asymptotic velocity is known to be that of a Rayleigh wave,

which exists on the surface of a half-space material.

Important characteristics of the dispersion curves are found by varying the values of the

elastic constants. By raising or lowering the values of C_ or C22, one can determine their effects
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on the So and Aomodes. The major effect of C_1and C, is on the low frequency limit of the S0

mode, while only a minor change is observed in the initial slope of the A0mode. The primary

effect of C33is the location shift of the cut-off frequency for the Soand S, modes. C_3and C,3

have only a minor effect on the Somode. The effect of C44 and C55is on the high frequency limit

of the SOand A omodes [Johnson, 1996].

During the next phase of the project, dispersion curves will be studied to analyze the

inverse problem of extracting stiffness properties from measured data; that is, the elastic

constants will be predicted by fitting the measured A 0and Sodata with the dispersion curves

using non-linear regression.

2.6.2 Fabry-P6rot Interferometer Measurements (J.B. Walter and K.L. Telschow,
INEEL)

2.6.2. 1 Fabry-Pdrot !nterferometer Methodology

Many optical techniques for measuring ultrasonic motion on surfaces have been developed

for use in laser ultrasonic applications (Monchalin, 1986). Most of these methods have similar

sensitivities and are based on time domain processing using homodyne, heterodyne, Fabry-P6rot,

and, more recently, photorefractive interferometry (Wagner, 1990, lng et al., 1991). Of the many

optical techniques for ultrasound detection, only a few have proven capable of performing

measurements in the presence of multiple speckle reflections from diffusely scattering surfaces

like paper. One of these is the Confocal Fabry-P6rot self-referencing interferometry method

(Monchalin and Hdon, 1986) that was evaluated as a separate task on this program through the

use of the facilities and expertise at the Idaho National Engineering and Environmental

Laboratory (INEEL).
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Multiple speckles are successfully demodulated due to the self-referencing nature of the

Fabry-P6rot technique, i.e., the photodiode signal originates from the interference of light

scattered from the paper surface and delayed portions of that light generated from multiple

reflections within the Fabry-Pdrot cavity. Since all of the optical wavefronts are nearly identical

to that scattered from the paper surface, light from a relatively large surface area (1-4 mm 2)

including many speckles is collected and interfered efficiently. This gives this detection

technique the optical efficiency needed to provide sufficient sensitivity for detection on rough

and/or optically diffuse material surfaces, as exist on most types of paper. Diffuse surfaces

scatter radiation into a hemisphere, resulting in only a very small amount that returns directly to

the interferometer detection system. For a normal standoff distance of a few centimeters, the

optical collection efficiency is typically in the 0.1% - 1% range resulting in relatively little light

collection. The detection system signal to noise ratio, in the shot noise limited regime, is

controlled by the amount of light entering the interferometer. There is also a limitation on how

much light can be focussed onto a particular paper sample without damage. These factors place

severe requirements on the optical collection efficiency and greatly affect the overall system

performance and cost. These considerations have led to the choice of the Fabry-P&ot system for

most industrial applications of laser ultrasonics that are actually performed in the field today.

The Fabry-Pdrot interferometer system employed at the INEEL utilized an argon ion laser

capable of focusing up to 1.5 watts of light (514 nm) onto the paper surface (Telschow, et al.,

1990). A pulsed Nd:YAG laser (1064 nm) with a pulse width of about 15 ns and pulse energy up

to 400 mJ was used to excite elastic waves in the paper by the thermoelastic and ablation

mechanisms. Paper samples were placed at the focus of the two laser beams, similarly to that

shown in Figure 2.6.3. For the moving paper measurements, the IPST web simulator was placed
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at the left end of the table allowing access for the laser beams to the paper surface on the

revolving wheel.

Figure 2.6.3 Picture of the INEEL laser ultrasonic point measurement system
employing a confocal Fabry-P6rot interferometer (tube to the right), a pulsed Nd:YAG
laser for excitation (black box in the foreground) and the generation and detection
beams impinging onto a sample at the left.

2.6.2.2 Lamb Wave Measurements In Stationary Paper

Fabry-Pdrot measurements were first conducted on stationary paper. Figures 2.6.4a,b show a

comparison between the lowest order symmetric (So) and antisymmetric (A0) waveforms

recorded on a stationary 0. lmm thick stainless steel sheet, Figure 2.6.4a, and a piece of 0. lmm

thick copy paper, Figure 2.6.4b. The laser generation was from a line source and produced

clearly distinguished symmetric and anti-symmetric waves, as seen especially from the stainless
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steel data in Figure 2.6.4a. It is also apparent fromFigure 2.6.4a that a uniform line source

produces little orno signals in the interval between the So and A0 wavefom_s (2.5 and 3.5 its in

the picture). Figure 2.6.4b shows results under similar conditions for Lamb waves recorded From

copy paper. Taking note of the longer time scales for the paper waveforms, it can be seen that

the general frequency content of these waves is lower in paper than for the stainless steel. This is

due to the larger attenuation that both wave modes experience in paper. In addition, complexity

due to the heterogeneity of the material at the fiber level resulted in non-uniform ultrasonic

generation along the line producing multiple signals arriving between the first So and the A¢_

wave modes. It was also observed that the paper waveforms showed considerable changes in

shape with position on the paper, especially for the So mode. An attempt was made to eliminate

this problem by using an excitation line width of about lmmto average over many fibers.

However, it was always found that the recorded waveforms showed some dependence on

location on the paper.
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Figure 2.6.4 (a) Lamb waves on thin sheets of stainless steel measured with the
INEEL Fabry-P_rot interferometer system; (b) Lamb waves on thin sheets of copy
paper measured with the INEEL Fabry-P_rot interferometer system.

2.6.2.2.1 Thermoelastic vs. Ablation Generation

Damage to the paper was easily accomplished at even moderate pulsed laser

excitation energies. Figure 2.6.5 shows the results comparing the recorded signals both

below and above the ablation threshold for 1064 nm source wavelength. The general

ablation level for the papers appears to be around 20-80 MW/cm 2 for a pulse width of

about 15 ns. Tests were performed to check the ablation level of copy paper using both

the 1064 nmand the 532 nmradiation lines of the Nd:YAG source laser. Generally, it

was observed that the first few pulses ablate something from the paper and produce a

large A0 wave. The top trace of Figure 2.6.5 shows an average of the first 16 pulses

impinging on a virgin paper location. Subsequent pulses appeared to produce little or no

ablation as the Ao wave diminished. The bottom trace, taken front a different location,

shows an average of 16 pulses taken after the A0 wave diminished in amplitude. Similar

results were obtained for the signals seen at 532 nm.
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Figure 2.6.5 Thermoelastic vs. Ablation generation on copy paper.

Figure 2.6.6 compares recorded signals both below and above the ablation threshold

for 532 nm source wavelength. The top of the figure shows an average of 1000 pulses at

one location (40 pW detection light) at a pulse level that produced no ablation, as

measured by subsequently observing no change in the paper fibers under microscopic

examination. The bottom of Figure 2.6.6 show's an average of 1000 pulses at a different

location (28 pW detection light) with slight ablation occurring about 30% of the time as

seen from the appearance of the A0 mode waveform on the recording oscilloscope. Thc

ablation thresholds for copy paper were found to be approximately 80 MW/cm 2 _ 1064

nm and about 20 MW/cm 2 _ 532 nm. The difference is probably due to the lower

absorption of light in this paper at the longer wavelength.
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Figure 2.6.6 Comparison below and above the ablation threshold for copy paper at
532 nm showing the A0 mode waveform when ablation is present.

2.6.2.2.2 Directional So & A0 Response for paper RSK59

Measurements are shown in Figure 2.6.7 of the ultrasonic So and A0 mode wave

velocities taken as a function of propagation direction on the RSK59 paper. The So wave

velocity in the machine direction (MD) was 3.75 (mm/ps) as determined by

measurements taken over multiple distances for a signal with a bandwidth of about I

MHz. The source to detector distance was about 6 mm and the paper was rotated keeping

the source and detector geometry fixed.
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Figure 2.6.7 (a) So waveforms for the RSK59 paper sample taken at varying angles
with respect to the CD direction (0°); (b) So wavefront velocity for the RSK59 paper
sample taken at varying angles with respect to the CD direction (0°), maximum
value shown in 4 mm/gs.

Significant variations in the So waveforms as a function of angle were found as shown

in Figure 2.6.7a, all single shot waveforms taken with slight ablation occurring on thc

paper. The So wave speed was determined from the earliest signal arrival time. The

recorded velocity ratio between the MD and the CD was CS(MD)/CS(CD) = 1.48 +/-. 11

at 1 MHz which agrees well with contact measurement results for this paper. Figure

2.6.7b shows the measured velocity values taken at varying angles with respect to thc CD

direction. Any single measurement yields both the So and Ao wavefoml. The ablation

mechanism yielded the larger signals and was used whenever possible as long as no

significant paper damage resulted. This mechanism was particularly efficient at

generating flexural motion of the paper, so the Ao wavefomls were always much larger
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than the So waveforms. Therefore, one would prefer to measure the Ao modes to obtain

the elastic data about paper, if possible, due to this advantage.
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Figure 2.6.8 (a) A0 waveforms for the RSK59 paper sample taken at varying angles
with respect to the CD direction (0°); (b) A0 wavefront velocity for the RSK59 paper
sample taken at varying angles with respect to the CD direction (0°).

Figure 2.6.8a shows the complete waveforms recorded from the RSK59 paper

including the region shown in Figure 2.6.7a. Here the time scale has been lengthened to

show both the fast So mode and the slower Ao mode. Clearly the A0 mode waveforms

were the largest, but they were also dispersive. The phase velocity varied with

frequency, such that it was difficult to get a unique phase velocity value from which to

determine the elastic constants. However, at low frequencies, there is a well know

relationship between the A0 phase velocity and the frequency that suggests that thc

MD/CD ratio for the A0 mode should be approximately the square root of that for thc S_
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mode. Figure 2.6.8b shows the measured A0 velocity values taken at varying angles with

respect to the CD direction for a frequency around 1 MHz. The recorded A0 velocity

ratio between the two perpendicular directions was CA(MD)/CA(CD) = 1.07 +/- .05.

Figure 2.6.9 illustrates the generally good agreement found between experimental Fabry-

P6rot measurements (and photorefractive, described in Section 2.6.4) and that predictcd

by numerical calculation. The calculation was based on anisotropic plate wave

propagation (Habeger, et al. 1979) using the elastic constants for the RSK59 paper

independently determined by other means at the IPST. Some difference between

experimental measurement and the theoretical calculation can be seen in the data of

Figure 2.6.9 that is thought to be due to the dispersion effects present in both the So and

A0 wave modes at the frequencies employed.
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Figure 2.6.9 Comparison between the experimentally measured So & A0 MD/CD

velocity ratios using the Fabry-P_rot and Photorefractive active methods with

expectations calculated from elastic constants for this paper provided by

independent IPST measurements.
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2.6.2.2.3 Fabry-P6rot Laser Ultrasonic Static PaperMeasurements (Summary)

The Fabry-P6rot interferometer has proven itself to be a useful device for laser

ultrasonic detection on paper. It can effectively accommodate the diffusely reflecting

surface of paper, readily be scanned over the paper surface to make measurements at

different locations, automatically eliminates low frequency interfering signals due to

vibration and laser phase noise, and has a fast response time that allows it to operate at

high frequencies. This high frequency response can be detrimental. The Fabry-P6rot

system at the INEEL is designed and optimized for operation above 1 MHz. Attenuation

in the paper limited the primary wave components to occur at frequencies below 1 MHz.

Dispersion in the So mode occurred above 1 MHz. Both of these facts complicate thc

recorded waveform. Lower frequency operation would be better for recording thc S{_

mode in its low frequency non-dispersive region providing simpler signal interpretation.

However, the A0 mode was always found to be the larger and its dispersion effects arc

well known. This opens the possibility that use of the A0 mode would be more beneficial

for determining elastic properties in paper. Additional signal processing would be

required to account for the dispersion, but this is readily accomplished and performed

routinely in other laser ultrasonic measurement applications.

2.6.2.2.4 Lamb Wave Measurements In Moving Paper

A machine was provided by IPST for simulation of the moving web of paper. This

web simulator before modification was capable of moving the paper surface around a

revolving wheel at speeds up to 400 meters/minute. Physically, the revolving paper

surface allowed for contact free optical access to the moving surface that was placed

approximately 1-10 cm from the optical input to the interferometer.
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Figure 2.6.10 Repetitive single shot measurements on moving RSK59 paper showing 
the increase ixl noise due to the ambient vibration, laser, and changing speckle 
pattern phase noise at web speeds of (a) 50 m/min; (b) 100 m/min; (c) 150 m/min; (d) 
200 m/min. 

Figures 2.6.10a-d show a collection of single shot waveforms recorded successively, 

1 second apart, from the moving paper surface. The first observation was that the 

moving paper surface added a significant source of additional noise to the detection 

process. This noise occurred from phase fluctuations and appeared to be due to several 

sources. Each waveform is from a single laser shot on a different location of the paper 

surface. These signals have been filtered with a 1 MHz high pass filter to remove some 
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of the larger low frequency phase noise. Filtering was performed to optimize the So

mode detection and alters the waveforms leaving only the high frequency components in

each waveform. The figures show that there is some variation from shot-to-shot, due to

local paper properties and the generation mechanism, and also shows significant

additional noise at the higher web speeds. This is particularly apparent if one

concentrates on the region before the first So wave arrival with reference to the laser

timing mark (bottom trace on Figures 2.6.10a-d).

Noise spectra taken at various web speeds for RSK59 are shown in Figure 2.6.1 la For

a detection spot size of 0.04 mmon the paper surface, Figure 2.6.12a for a 0.26 mm spot

size and Figure 2.6.13a for a nearly specular plastic surface. Several observations can be

made fromthese figures: (1) a large noise component appears at low frequencies even for

stationary paper; (2) the low frequency component grows in amplitude as the web speed

is increased; and (3) a plateau noise component appears that increases in frequency

bandwidth but not amplitude as the web speed is increased. The overall general increase

in noise with web speed is shown by the integrated noise amplitude shown in Figure

2.6.1 lb. These measurements were repeated for a larger detection spot size of 0.26 mm

and the results are shown in Figures 2.6.12a and b. Clearly, similar behavior was sccn as

with the smaller spot size, but the larger spot averages over more of the paper roughness

and reduces the bandwidth dependence on web speed as seen in Figure 2.6.11 a. Some of

the noise signals come from the moving speckle pattern recorded by the photodetector

aperture. An attempt to eliminate this effect was performed by measuring the noise

signal, s again but from a relatively smooth surface (the plastic wheel itself) that presents

essentially a single speckle at the detector. The recorded noise spectrum for the plastic
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wheel is shown in Figure 2.6.13a and the integrated noise signal in Figure 2.6.13b. A 

significant reduction in the higher frequency plateau noise signal was observed. 

Raw Stock Noise Spectra for 0.04 mm Spot 
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Figure 2.6.11 (a) Web simulator noise measurements from RSK59 paper for a 0.04 
mm diameter detection beam spot size at various web speeds; (b) integrated noise 
rms amplitude measurements from RSK59 paper for a 0.04 mm diameter detection 
beam spot size. 
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Figure 2.6.12 (a) Web simulator noise measurements from RSK59 paper for a 0.26 
mm diameter detection beam spot size at various web speeds; (b) integrated noise 
rms amplitude measurements from RSK59 paper for a 0.26 mm diameter detection 
beam spot size. 
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Figure 2.6.13 (a) Web simulator noise measurements from plastic wheel for a 0.08
mm diameter detection beam spot size at various web speeds; (b) integrated noise
rms amplitude measurements from the plastic wheel for a 0.08 mm diameter
detection beam spot.

The observed noise signal dependence on web speed can be explained by the

contributions from several noise sources including

· INTRINSIC noise' inherent noise component even for stationary paper due to thc

phase noise from:

o Laboratory Vibrations causing fluctuations in the optical path lengths between

the detector and the sample surface

o Laser Phase Noise in the detection laser (here an argon:ion laser)

o Electronic Interferometer Control Fluctuations

o Electronic Signal Amplification Noise

o Shot Noise due to the detection process.
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These noise components determine the maximum detectability of the Fabry-P6rot

system used and are present in all the waveforms shown throughout this section.

Additional noise sources due to the moving paper surface are

· FLUTTER noise: there is additional flutter and misalignment in the moving paper

simulator that increases the phase noise seen as the web speed is increased. This noise

source accounted for the noise component that appears to be limited to the low

frequency region of the spectrum, but whose amplitude increases with web speed.

· SPECKLE noise' the moving rough paper surface produced a moving speckle pattern

of light that crossed the photodetector aperture. This produced a noise component that

had a fixed maximum amplitude (since the optical phase shift was limited to

modulo(2rr)). However, the frequency at which these speckle components move

across the detector aperture increases with the web speed extending the noise

bandwidth observed.

Speckle noise is seen in the spectra of Figures 2.6.1 la and 2.6.12a. The plastic wheel

data showed much less of this noise component, consistent with the speckle noise

hypothesis.

These various noise sources combine to limit the detectability of the whole system.

Figure 2.6.14 shows a comparison of the integrated noise levels described. One can

conclude from these results that averaging over many speckles by using a larger detection

spot size helps in that it moves the speckle noise to lower frequencies. Figure 2.6.15

shows the effect of increasing the detection spot size brought about by defocusing thc

instrument and normalizing for constant optical detection power. As wider spot sizes arc
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used, the spatial resolution and frequency response of the system decreases. Other

schemes are under investigation to further reduce the noise levels.
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Figure 2.6.14 Comparison of the integrated noise signal amplitudes for the moving

RSK59 paper with two spot sizes and for the moving plastic wheel.
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Figure 2.6.15 Integrated noise amplitude as a function of the detection spot size

showing the decrease in noise level as more spatial averaging is performed on

RSK59 paper.
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2.6.2.2.5 Fabry-P6rot Interferometer Measurements (Summary)

To date, laser ultrasonic measurements of the So and A0 wave mode velocities in thc

MD & CD directions have been recorded with acceptable signal to noise ratios at web

speeds up to 200 m/min using single shot detection with the INEEL Fabry-P6rot

interferometer system. Higher speeds can be reached by using additional signal

acquisition and processing techniques. Figures 2.6.16a and b show So and Ao waveforms

for both the MD and CD directions on LNR42 and MED26 paper respectively. At

relatively low speeds high signal to noise ratios were obtained for all the papers tested.

Clearly the anisotropy between the MD and CD directions in wave speed is readily

measured from either wave mode. At higher web speeds acceptable signal to noise ratios

can be achieved by high pass filtering the data to eliminate the low frequency intrinsic

and flutter noise. Figure 2.6.17 shows the So and Ao wavefom_s recorded with filtering

for the RSK59 paper. Again the MD and CD anisotropy in the wave speeds is readily

detectable. In order to reach an acceptable signal to noise ratio at the higher web speeds,

up to 400 m/min, signals were averaged.
Laser UT, 10.7 m J/p, average waveform$ Laser UT, 10.7 m J/p, average waveforms
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Figure 2.6.16 MD/CD Fabry-P(_rot laser ultrasonic signals at iow web speeds for
(a) LRN42; (b) MED-26.
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Figure 2.6.18 Comparison of the Fabry-P6rot interferometer detection signals on

LNR42 paper (averaged 128 times) at three different web speeds.

Figure 2.6.18 shows the waveforms recorded from LNR42 paper at speeds of i 0, 100 and

400 m/min averaging 128 times. Here the So wave was not discernable at higher speeds because
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the noise levels were too large for even averaging to filter out. However, the A0 wavefom_ is

readily detected at alt web speeds up to 400 m/min with averaging. Other mechanisms to reduce

the noise level and enhance the signal detectability are under investigation. These include one

described later in this report involving a reduction in the effective web speed by performing thc

measurements with a scanning laser detection beam as well as specialized signal processing

routines for isolating signal properties from noise.

This work has shown that the Fabry-P6rot interferometer technology is a viable

alternative for laser ultrasonic measurement of elastic waves in paper even under moving web

conditions. All the work conducted so far has involved equipment designed for high frequency

measurements not necessarily suitable for the paper measurement. Optimization of this approach

would lead to improved performance over that presented here and presents a promising potential

for future field implementation.

2.6.3 Time Domain Photorefractive Measurements (E. Lafond, IPST)

2.6.3.1 Introduction (the problem of speckled light)

Of the various laser-ultrasonic methods, two wave mixing in a photorefractive crystal

(PRC) offers particular appeal. First of all, the detected mechanical signal has a natural, low

frequency cut-off. The large-amplitude, mechanical vibrations of the moving web will not

contribute to instrument noise since the dynamic grating in the PRC progresses fast enough to

eliminate low frequency motion from the mixed signal. Laser interferometry works best on a

specular reflecting surface; it is not nomlally good at utilizing diffuse light from a rough surt_tcc.

The PRC method, however, is a holographic imaging technique. A large portion of the wave

front participates in the mixing and in the ultrasonic detection. The PRC approach has a
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reasonable chance of successfully finding tiny ultrasonic signals on rough surfaces traveling at

high speed.

Because of the surface roughness of paper (many fibers) and that of fibers themselves, the

light reflected from the surface is scattered almost isotropically in a half space (Lambertian

source). From this arise two conclusions: 1) the power collected by a lens centered in the

direction of the incoming beam will stay small, as long as the solid angle of collected light stays

small; 2) the speckled nature of the reflection will make it very difficult to detect ultrasound with

any interferometer which works with only one speckle, even on static surfaces.

On the other hand, the isotropic nature of light scattering on paper gives us an advantage:

there is still enough power at relatively high incidence angles (40 ° off the normal or higher) for

the detection of displacements. This allows the measurements of both out-of-plane (A0) and in-

plane (So) displacements at the same time and thus avoids the need for two different setups.

2.6.3.2 Choice of a photorefractive interferometer

The criteria that define a photorefractive interferometer are'

· Wavelength of the detection laser

· Type of the photorefractive crystal

· Optical head of the interferometer

· Application of a high voltage to the crystal.

These criteria are described in further detail in the following sections.
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2.6.3.2.1 Wavelength

The wavelength of the detection laser used with the interferometer is very important since

the detection laser is usually the most expensive device in an interferometer and its wavelength

cannot be changed easily. It also determines the type of photorefractive crystal to be used with

the interferometer, as each crystal has a certain optimal bandwidth. The reflection coefficient of

paper at this specific wavelength defines the amount of light reflected back at this wavelength.

This directly affects the signal strength from the interferometer.

The wavelengths selected at IPST are 514.5 nm (Ar:ion laser) and 1064 nm (Nd:YAG

laser). Some alternative choices for wavelengths could be 532 nm (doubled Nd:YVO4 laser), or

780 nm and 852 nm (diode lasers). The selection of 514.5 nm and 1064 nm comes from the fact

that relatively low cost lasers with high output powers at these wavelength are available.

Pulsed lasers (a few hundreds of gs with instantaneous powers of a few kW) can be used as

the detection laser instead of a continuous one. However, the cost and complexity of such lasers

did not make them suitable for the experiments during Phase I.

2.6.3.2.2 Type of photorefractive crystal

As described in section 2.5.3.5, crystals useful in our application are either the Sillenite

type or the Semiconductor type. The Sillenite type crystals which work in the visible range

(need to be photorefractive and transparent) are Bil2SiO20 (BSO), Bil2GeO20 (BGO), Bil2TiO20

(BTO), and are well suited for Ar:ion lasers (514.5nm) or lasers at 532 nm. The Semiconductor

type crystals need to be used at infrared wavelengths because their transmission band ranges



70

from 915nm to 1500nm. These semiconductor crystals are undoped GaAs, InP:Fe and CdTe:V.

All of these can be potentially used for ultrasound detection on paper products.

In the very specific case of the photoinduced-EMF interferometer, the opposite effect is

desired: total optical absorption of the beam by the crystal. For Cr:GaAs, a crystal very efficient

for photoinduced-EMF detectors, the appropriate wavelength is thus in the visible (514.5 or

532nm) or in the near infrared (852 nm or lower).

For measurements on static paper, the Sillenite type crystals are appropriate since they have

a high gain. Thus, the signal to noise ratio of the ultrasonic displacement is high, even with little

light collected. Unfortunately, these crystals do not have a response time short enough to adapt

to the constantly changing speckle pattern created by the displacement of the paper web under

the beam.

Thus, for measurements on moving paper, the first choice is to use Semiconductor

photorefractive crystals which have a very short response time (1 to 10 gs) but a small gain.

These will, however, have smaller signal to noise ratio than Sillenite type crystals.

2.6.3.2.3 Optical head of the interferometer

The optical head of an interferometer can either use the same objective for the focusing of

the detection laser beam and the collection of light scattered back by the paper sheet, or use two

separate objectives.

For example, with two separate lenses, it is possible to have a small diameter lens to focus

the beam on the paper surface, and a large diameter lens (at least 2.54 cm) for the collection of
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the scattered light. When the incident beam and the collected beam are separated, they can have

any polarization. This setup is known as a "V" type optical head, as shown in Figure 2.6.19.

/
Incident beam /

Collected //
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Figure 2.6.19 "V" type optical head.
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Figure 2.6.20 "T" type optical head.
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Another configuration for the optical head, which uses the same objective for the incoming

and backscattered beam, is the "T" type optical head, as shown in Figure 2.6.20. In this setup,

the incoming beam is horizontally polarized, then passes through a quarter wave plate just before

the focusing objective that makes the beam circularly polarized. The collected light (still

circularly polarized) comes back through the focusing objective, then the quarter wave plate

rotates the polarization 90 degrees to vertical. This allows a polarizing beam splitter to be used

to separate the incoming beam (horizontally polarized) from the backscattered beam (vertically

polarized).

When the diameter of the collecting lens is very large, a third possibility is to use a lens

plus a mirror at 45 degrees or a Cassegrain type objective and a mirror at 45 degrees. This

allows collection of light over a large solid angle (see Figure 2.6.21).

Collected With aCassegrainobjective
beam

Collected

i i beam :,_i i

:i i !!t , '

Incident ! i i

beam .¥. i?,......

_X_, !i_i:I,_i!_n( lens _iiiiii !! ...............',::_ii¢:_ii:_.......
"',,.!ii,i!/'

.....................................................................}'..:_d_,.('_..... Paper sheet .....................................................

Figure 2.6.21 Large lens or Cassegrain objective for the optical head.

2.6.3.2.4 Application of high voltage to the crystal

The application of a high voltage, DC or AC, pulsed (at the moment when the ultrasonic

waves need to be detected) or continuous, to a photorefractive crystal is necessary when the
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photorefractive gain of the crystal is small, typically in the case of semiconductor photorefractive

crystals. It can also enhance the gain of Siilenite type crystals.

The high voltage across the crystal has two effects' it moves more electrons from the bright

fringes to the dark fringes and thus creates a stronger electric field grating, and it shifts the phase

of the electric field closer to quadrature from the interference grating.

The drawback, however, is that the application of an electric field slows down the

adaptation of the crystal to the changing speckle pattern (slower response time), which is a

problem in the case of Semiconductor crystals.

2.6.3.3 Numerical Modeling of Two Wave Mixing and Ultrasonic Signal Detection in
Cubic Photorefractive Crystals (C. Habeger, IPST)

2.6.3.3.1 Symbol Look-up Table for Section 2.6.3.3

Ea amplitudeof incomingplane wave 1

Eb amplitudeof incomingplane wave2

k a wave vector of incoming plane wave 1

k b wave vector of incoming plane wave 2

k magnitudeof wavevector in PRC

20 angle between plane wave 1 and 2

K - ka-k b grating wave vector

I 0 -- EaEa*+EbEb* average total intensity

I_ - EbEa*+EaEb* amplitude of intensity variation

No donorsites in PRC per unit volume

NA acceptor sites in PRCper unit volume

kc Boltzman's constant times absolute temperature

E space-chargefield
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E0 appliedDCelectricfield

E_ amplitudeof electricfield

lowfrequencypermittivityof PRC

go permeabilityof free space

_o permittivityof freespace

n indexof refractionof PRC

j currentdensity

q electroniccharge

mobilityof electronsin conductionband

ko = q2N_A Debye wave number
ckr

¥p electron to ionized donor recombination rate constant

s ratio of electron generation rate to intensity times density of

unionized donors

ESs the s polarization component of the electric field of the signal

beam

ESp the p polarization component of the electric field of the signal

beam

EPs the s polarization component of the electric field of the pump

beam

ESs the p polarization component of the electric field of the pump

beam

{b the phase of space charge field of Equation 1

ot PRC intensity attenuationcoefficient

p angular rotation of polarization of PRC per unit length

r cubic linear electro-opticcoefficient
4,1

t PRCthickness
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2.6.3.3.2 Introduction:

The purpose of the numerical work described below is to model two wave mixing and

ultrasonic signal detection in PRC interferometers. This is to allow us to predict the influence of

PRC parameters and instrument design on the ultrasonic signal-to-noise ratio. Guided by these

results, we will be better able to specify crystals and arrange the detection scheme.

2.6.3.3.3 Two Wave Mixing Theory

Dynamic mixing of coherent light beams can be accomplished through interference in a

PRC. Photorefractive crystals are often semiconductors with donor and acceptor impurities.

When the beams interfere in the bulk of the crystal, regular patterns of variation in light intensity

are established through the bulk of the crystal. The donor sites are optically sensitive: light

energy is absorbed by the donor sites and electrons are excited into the conduction band. The

conduction band electrons diffuse away from the regions of high light intensity and are trapped

in the low light intensity regions. This trapping is achieved thanks to a small number of acceptor

impurity atoms. The Fermi level lies between the acceptor and donor levels. Under no-light

conditions, the acceptor states are filled by electrons from the donors; hence there are ionized

donor sites in the absence of photo-ionization. The conduction band electrons which diffuse

away from the intensity loops can be trapped in dimmer regions in the available donor sites.

This charge migration destroys local charge neutrality and sets up an electric field pattern

through the crystal. Mixing of the light beams now occurs since PRC's are subject to the Pockels

effect: their index of refraction is altered by an electric field. In the two wave mixing case,

interference of coherent light beams in a PRC :results in a grating in the index of refraction whose

form is determined by the interference pattern. The grating, in turn, diffracts the light beams.
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Since this dynamic grating is a result of interference between the two beams, the first order

diffraction process is an exchange energy between the two beams. The two waves are said to be

"mixed" in the PRC.

The first step in modeling two wave mixing is to express the static space-charge field (the

electric field pattern resulting from interference and electron excitation) as a function of PRC

characteristics and of the established light pattern. To do this, the analysis presented in the third

chapter of Yeh (1993) on photorefraction is used. Below, the results of the development are

reviewed stressing the approximations imposed to reach tractable results.

First it is assumed that two coherent plane waves with wave vectors of magnitude k are

established in the PRC. Their directions of propagation are at an angle 20 apart. The resulting

interference pattern has a wave vector K = 2k.sin 0. The index of modulation (the ratio of the

amplitude of the intensity variation to the average intensity) is I/I 0.

The four unknowns in the analysis (the number density of electrons in the conduction

i

band, N, the number density of ionized donor sites, N D, the current density j, and the electric

field, E) are assumed to have an average value dictated by the overall intensity plus a sinusoidal

variation with a wave number of K resulting from the interference. The variation in electron and

ionized donor number are assumed to be small compared to the average values. Higher order

sinusoidal variations are ignored. This postulates a small value for the index of modulation. The

first order sinusoidal variations are found by imposing charge conservation, a linear constitutive

equation for the drift and the diffusion current, Poisson's equation for the electric field, and that

electron creation is proportional to light intensity times the number of unionized donors, whereas
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recombination is proportional to the number of electrons times the number of ionized donors.

The light intensity is assumed to be large enough that thermal generation of conduction band

electrons can be ignored. The electric field variation, with phase relative to the interference

pattern is

i. K. kr _ Eo 1

K2 i.q.K.Eol

kIoJ
1+VT'+ 2

ko k_ .k d

2

To get to this point, it was also assumed that ¥RNA>> S Io and NDs I0 << 7_ N^.

Notice that, according to this simplified picture, the amplitude of the field variation is

proportional to the modulation index; it does not depend on the overall light intensity. Of course,

for the analysis to be valid, I0must be large enough for photo-ionization to dominate thermal

ionization and small enough for the inequalities of the above paragraph to apply. Finally, to get

the form of k o reported in the symbol table, it was assumed that ND>> N A. When there is no

external field applied, the field is ninety degrees out-of-phase with the intensity modulation. If

ko is small compared to K, E_ is proportional to ko. Adding the external DC field increases the

magnitude of E_ and moves the phase away from 90 degrees.

The next chapter in the two wave mixing story relates the conversion of the regular

electric pattern into an index of refraction grating. In photorefractive crystals, electric fields

induce a change in dielectric constant. The linear part of this interaction is expressed in terms of
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the electro-optic coefficients, rij. For crystals of cubic symmetry (the subject of this exercise)

there is one significant, non-zero component (r4,_).Referenced to the principal coordinates of the

PRC, the relation between the change in the permittivity tensor and the electric field can be

written as (Yeh 1993)

I0 r41E_ r41Ey
Aa'--£0 n4 r41E_ 0 r41Ex . (2)

Ir41Ey r41E_ 0

So, the sinusoidally varying electric field produce d by an interference of coherent light

beams (and influenced by the applied electric field) as in Equation 1 causes a sinusoidally

varying grating in permittivity to be established in the cubic PRC as expressed in Equation 2. A

regular permittivity grating will diffract light. In first order diffraction theory, the wave vector of

the diffracted light must equal the wave vector of the incoming light plus the wave vector of the

grating. Since the grating is the result of the interference between the two incoming beams, the

grating wave vector is the difference in the wave vectors of the incoming beams. Therefore, the

PRC grating will diffract light between the two incoming beams. It mixes the signals. As two

mixing waves progress through the PRC a rather complex, self-diffraction interaction ensues,

Through diffraction, energy is exchanged between the two paths; the resulting adjustment in

intensities affects the diffraction grating through the index of modulation term in Equation .1, and

the diffraction interaction is altered.

Consider two plane waves propagating in a PRC at an equal (but opposite) angle (0) to a

face of the PRC as in Figure 2.6.22. Let ESs and ESp represent the amplitude components s of
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one of the beams (the signal beam) polarized perpendicular to the plane of incidence and in the

plane of incidence respectively. The two pump beam components are denoted by EPs and EPp.

The differential equations (Yeh 1993) for the change in field amplitudes due to two wave mixing

can be written as

d SsliIdx 2k cos(0) eiq_(Ass. EPs Jr- Aspp . EPp ) I-!LI o '

dESp _ ( i ) i_(Apss EPs + Apspp EPp) I1dx - 2kcos(0)e · · --,i0

( ))dEPs i -iq_ (Ass ESs + Asps ESp) I_= e · · _,
dx 2k os(0 I0

dEPp_(i) *dx -- 2k c;s(/9) e-i_ (Apps .ESs + Appps . ESp) I,io. (3)

The A tensor is defined as -c02g_olA_[. Each A coefficient in Equation 3 represents the

operation of the A tensor on a unit vector in the direction of the polarization of the component by

which it is multiplied and a unit vector of the polarization of the component on the left hand side

of the equation. For example, Apss is A operating of a unit vector with s polarization direction

and a unit vector with direction of p polarization of the signal beam. Given the initial values of

the internal incoming polarizations of the pump and signal beams, Equation 3 can used to

integrate the two wave mixing process through the PRC.
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signal
beam Esp

,:71;

EPp/_ ri,j

p amp __/-'_
beam/ Eps

Figure 2.6.22 Two wave mixing in photorefractive crystals.

In addition to two wave mixing, propagation across the cubic PRC is influenced by

attenuation and by rotation of the polarization. Attenuation is accounted for in the differential

equations by subtracting a term on the right hand side of Equation 3 proportional to the

amplitude of the component. The common cubic PRC's are optically active. There is a uniform

rotation of polarization with propagation through the PRC (Yeh 1993). This is accounted for by

adding an increment of the opposite polarization to each polarization component as it progresses.

The full set of equations including mixing, attenuation and rotation are:

( i 1dESSdx= 2k cos(8l i · ei_(Ass · EPs + Aspp .EPP )_io - a .k .ESs - 2k . jo. ESp

dESp ( 1))Ii . i_ __ a .k . ESp + 2k .p .ESsl ,
- e (Apss. EPs + Apspp. EPp) I_

dx 2k cos(6} Io



81

/ ,/[ 1dEPs __ 1 i · e-iq3(Ass · ESs + Asps ·ESp - a ·k · EPs - 2k ·p ·EPp ,dx 2 cos(o

1[ >',o JIdEPp _ 1 -iq3, . o . _ o .

dx - 2kcos(O) i e (Apps ESs + Appps ESp cz k EPp + 2k .,o. EPs .(4)

Equations 4 are the basic two wave mixing non-linear coupled differential equations

(with attenuation and rotation). They are numerically integrated using MathCad software on a

PC. The non-linearity comes from the dependence of the index of modulation (Iff0) on the field

amplitudes. As, mathematically, light progresses through the PRC, I_/Io must be updated in the

numerical integration routine.

To perform an integration run, the initial values of the polarization components, the PRC

coefficients, and the parameters of the experimental set up are input to the computer. The

integration proceeds and results are reported as a function of the integration length (thickness of

the PRC). For each thickness, the intensity of the signal and pump beams are calculated so that

the relative response of the photo-detectors on the backside of the PRC can be determined.

Sometimes, the output amplitudes are projected to the direction of a polarizer then added before

the intensities are calculated. This demonstrates the considerable influence of output polarizers

in two wave mixing (and later on in ultrasonic signal detection).

2.6.3.3.4 Validation of Two Wave Mixing Model

There are published experimental data on two wave mixing in cubic BSO crystals (Webb

et al. 1994). The model described above will be justified by reference to these results. In
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addition to experimental results, the same authors present analytical solutions of the two wave

mixing equations in cubic crystals. Ignoring attenuation, but including rotation, they use a

perturbation expansion to linearize the differential equations and integrate, ignoring the higher

order terms included in my numerical model. Their correspondence of theory to experiment is

evidence that the simplified theory of two wave mixing, with its many approximations, is useful

in standard BSO crystals.

The crystal and experimental parameters necessary to make an integration are: n,

g, _, p, CO,0, NA, Eo, r4,_,t, the incoming field amplitudes and polarizations, and the orientations

of the crystal axes. With one exception, all these are known or readily measured. The effective

number of acceptor sites per unit volume (NA) is not easily established. Thus, the verification

process allows the fitting of theory to experiment by adjusting N A. If a single N A can force

correspondence for a large number of experimental set-ups, the theory is considered appropriate

for the PRC under examination for that "effective NA".

The degree of two wave mixing is often quantified through a two wave mixing gain

determination. This gain is defined as the difference between the intensities at the output with

and without two wave mixing divided by the intensity with no mixing. Intensities without

mixing are experimentally obtained by noting the intensity of one output path when the other is

temporarily blocked from entering the crystal. Theoretically, the no-mixing intensity is found by

integrating Equation 4 separately with the A terms set to zero. Webb et al. (1994) determined the

gain as a function of input polarization, then compared experiment and theory. They did this for

both "longitudinal" and "transverse" mixing. With proper alignment of the crystal axes to

experimental coordinates, some of the A terms in Equation 4 become zero. When
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Aspp, Apss, Asps, and Apps are zero, the mixing is said to be longitudinal. It is transverse

when Ass, Apspp, and Appps are eliminated. These are rather fundamentally different types of

mixing because in one case, like polarizations of the pump and signal beams mix, whereas in the

other, normal polarizations mix. The alignment of theory and experiment over the range of input

polarization for both longitudinal and transverse mixing is a good demonstration of a model.

A printout of the two wave mixing MathCad program used to simulate Webb et al.

(Webb et al. 1994) type experiments is included as Section 2.6.3.3.10. It is well documented,

and one can easily associate steps in the above theoretical discussion with the corresponding

program commands. Figure 3 from Webb et al. (1994) corresponds to Figure 2.6.23 in this

work; this presents their longitudinal two wave mixing experimental and theoretical results with

N A optimized at 3.5 x 1021/m 3. Results from this work follow as Figure 2.6.24 (N^ was

maintained at the same value). Notice that the correspondence is pretty good. Apparently, the

neglect by Webb et al. (1994) of second order terms and any mistake made here are not

significant in this case. Webb et al. (1994) do not consider the influence of light attenuation on

the gain. Separate runs (not shown) made with non-zero a's verify, as expected, that attenuation

has little effect on the two wave mixing gain. The transverse runs from Webb et al. (1994) and

from the new program are documented as Figures 2.6.25 and 2.6.26, respectively. The

agreement is also good this time. The reason for the minor differences is that the new program

accounts for the change of index of modulation through the PRC, whereas Webb et al. (1994)

keep it at its front-side value. In the 2 mm travel of the beam across the PRC, the new

calculations generate variations in index of modulation of around 5%. Better matches with

experimental data could have been achieved by adjusting N A,but it's probably not worth the
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Figure 2.6.24 MathCad run meant to be compared with Webb et al. (1994) in Figure
2.6.23.
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Figure 2.6.26 MathCad run to be compared with Webb et al. (1994) as in Figure
2.6.25.
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2.6.3.3.5 Modeling of Ultrasonic Signal Generation in a Two Wave Mixing PRC

Except for a minor addition of second-order, non-linear terms to the two wave mixing

integration, nothing new is presented here. Extension of the analysis to the determination of

ultrasonic signals in PRC is the intended contribution of this work. The approach used will be

presented in some detail for critique.

Ultrasonic signals are detected in two wave mixing experiments by reflecting one of the

beams off surface of the disturbed sample. This causes a transient phase shift in the "signal"

beam which changes the output of a photodetector on the backside of the PRC. The time

constant ('c)for the formation of the index of refraction gratings is on the order of a millisecond

in standard PRC's. The grating can adapt to input phase movements that last a long time relative

to 'c. These just move the grating a little, and there is no change in output intensities. On the

other hand, when the signal phase movement is rapid, as it is when modulated by ultrasonic

signals, the grating cannot keep up. Roughly speaking, the output of the signal beam is an

interference between a straight-through signal and a signal diffracted from the pump beam. The

ultrasonic signal affects the phase of the straight-through part only. This changes the

interference between the two signal components and alters the intensity at the face of the

photodetector. Therefore, it seems that ultrasonic signal detection should be handled

mathematically in the following steps. First, as above, calculate the intensity at the photo-diode

from two wave mixing. Compute a phase shift corresponding to twice the amplitude of the

ultrasonic displacement. Then, add this phase shift to the signal beam at the input. Integrate the

field amplitudes of the pump and signal beams across the PRC, again. The ultrasonic phase

occurred too quickly for the grating to adjust, so, this time, do not recalculate the index of
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modulation at each position. In the second integration, simply use the index of modulation as a

function of distance that was determined in the first integration. At the detector, this will give a

new intensity and a new output. The ultrasonic signal is the intensity calculated in the second

integration minus the intensity of the first integration.

One example of a MathCad program that implements the above scheme is presented as

Section 2.6.3.3.11. As before, the program is fairly well documented, and one should be able to

identify the intended task of each command. In this case, the program was written to calculate

the ultrasonic signals resulting from transverse two wave mixing as a function of PRC thickness

for a range of applied DC fields. There is no polarizer before the photodiode. For PRC depths at

which an appreciable signal is possible, notice (Section 2.6.3.3.11) that the applied field gives a

dramatic boost to the ultrasonic signal. For the parameters entered, the effect peaks out at about

6,000 V/cm. Without a backside polarizer, the PRC performance depends greatly on the PRC

thickness. The influence of polarizers will be documented later, but first how the PRC

coefficients were determined experimentally is explained.

2.6.3.3.6 Determination of BSO PRC coefficients

One of the objectives of this exercise is to model the performance of the two BSO

crystals on-hand at IPST (a 2.25 mm thick crystal and a 5.0 mm thick crystal). There are a large

number of PRC setup adjustments in the detection of ultrasonic signals. These include: pump

and signal beam input polarizations; Bragg angle; applied field; orientation of the PRC crystal

axes; and output polarizer orientation. Before one can recommend specific procedures, one

needs to know the PRC parameters. The dielectric constant, the index of refraction, and the
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electro-optic coefficient have established values. No attempt to measure these was made; values

were simply copied from reference book values: c - 56, n - 2.54, and r - 5 x 10'12 m_. Three
4,1

other parameters (the rotation coefficient, p, the attenuation coefficient, ct, and the effective

number density of donor sites, NA) vary with PRC manufacture and are subject to determination

experimentally.

Redundant determinations of ot were made by measuring single-beam reflection and

transmission coefficients at different incident angles to the normal of the PRC. The procedure

was different for the two crystals since one (5.0 mm) had an anti-reflective coating, whereas the

other (2.25 mm) was not coated. For the 2.25 mm PRC, Fresnel's equations were used to

calculate the plane reflection coefficients. The intensities of the multiple reflections across the

PRC were added to find the total transmission and reflection as a function of cz. Experiments

were performed at 0, 10, and 25 degrees, giving five (no R determination at 0 degrees was

feasible) separate measures. The result was ot - 3.3 (+- 0.1) cm -_. The other PRC was over

double the thickness and had an anti-reflection coating. The contributions from multiple

reflections were easily shown to be negligible, czwas calculated as the logarithm of the

transmitted intensity divided by the incident intensity less the reflected intensity all divided

through by the PRC propagation distance. It was found that ot- 2.5 cm '1.

Optically active rotation coefficients were calculated from measurement of rotation of

polarization through the PRC at different Bragg angles. For the 2.25 mm, the influence of

multiple reflections was included; for the 5 mm PRC it was not. The results are: 2.25 mm PRC,

p = 40.0 (+-1) degree/mm; 5.0 mm PRC, p = 39.4 (+-1) degree/mm.
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The N^ determinations were somewhat ambiguous. Values were estimated by aligning

measured two wave mixing gains with those generated by the two wave mixing program. There

were a number of problems. To start with, the experimental orientation of the PRC axes was not

well known. The gain measurements were not of sufficient accuracy to make precise

determinations. In fact, often simple conservation arguments could demonstrate that there had to

be large errors in the experimental gains. In the end, we were able to proscribe the NA'Sto within

a factor of two. We roughly determined that both PRC's had donor densities of 6 x 1021

donors/m 3. Since the two wave mixing parameters depend on the square root of N^ and since we

are interested in rating competing experimental arrangements, we feel that this is sufficiently

precise to give us valuable information in future modeling. More measurement details of the

three parameters is available upon request.

2.6.3.3.7 The Influence of the Applied Electric Field

As a demonstration of utility, some application examples are presented. In the

description of the ultrasonic signal program, you were teased with a graph showing that the

influence of an applied field has a very strong, cyclic dependence on PRC thickness. There, the

PRC parameters measured for the 2.25 mm crystal were used and demonstrated that the 2.25 mm

was a very bad thickness choice. This was without a polarizer in front of the signal

photodetector. The reason that PRCs of some thicknesses are insensitive is that the signal

responses at different polarization are canceling out. By insertion of a polarizer, counteracting

terms can be eliminated providing field-enhanced ultrasonic signals at all thicknesses. Take a

look at Figures 2.6.27 and 2.6.28. There, a constant applied field level (1,000 V/cm) was chosen,

and displayed is the ultrasonic signal strength as a function of the orientation of the output
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polarizer to the s polarization direction and PRC thickness. Figure 2.6.27 is compiled with a

pump and signal beam in s-polarization, whereas the common polarization is at 45 degrees in

Figure 2.6.28. In both cases, it is assumed that the PRC was aligned for longitudinal two wave

mixing. Now, by adjusting the output polarization one can get fairly strong ultrasonic signals at

all thicknesses. Note, however, that in both cases it would have been better if the PRC were not

grown as thick as 2.25 mm. Figure 2.6.29 and 2.6.30 are identical to Figures 2.6.27 and 2.6.28

respectively, except that the PRC orientation was changed from longitudinal to transverse. This

time, the maximum signals are about 50% of the longitudinal values, and again 2.25 mm is not

an optimum PRC thickness. Finally, a set of runs (Figures 2.6.31 and 2.6.32) was made with the

PRC oriented half way between pure longitudinal and pure transverse. Comparatively, 2.25 mm

looks better here, and the best polarizer orientation gives superior signal. Parenthetically, you

are warned to beware when comparing experiment and theory for very thin PRC's. When the

PRC is thin and attenuation across the crystal is not appreciable, multiple reflection back-and-

forth across the PRC can contribute to the signal. The theory ignores multiple reflections, and

(assuming ocs of the order measured for the BSO PRC's) should be used with care for PRC's less

than about 1.5 mm thick.
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PIS

Intensity of the ultrasonic signal as a function of PRC thickness in mm and angle of exit polarizer to s direction in
degrees

ESs0.o= 1 EPSo.o= 3.162 Input signal (S) and pump (P) field Ass = 3.659 x 109 Apss = 0
amplitudes for s (s) and p (p)

ESPo.o= 0 EPPo.o= 0 polarizations Aspp= 0 Apspp= 1.71 x 107
Orientation of the crystal axes with respect to propagation direction (x), diffraction grating direction (y), and normal to
incidence plane (z)

-1 0 1

Rx°- O1 Ryo- _ R_o- 10

0o= 10 angle of incoming pump and signal beams to the PRC normal s = 56 dielectric constant
NA= 6 x 1022 acceptorsitesperm n = 2.54 indexofrefraction
r4A= 5 x 10.22 electro-optical coeff a = I0 ultrasonic amplitude in nanometers N = 100
Eo= 1 x 105 electric field in V/m ct= 330 attenuation coefficient in 1/m NN = 80
t = 5 x 10.3 max thickness in m Po= 40 rotation coefficient in degrees/mm

Figure 2.6.27 MathCad run. Ultrasonic signal strength as a function of the
orientation of the output polarizer to the s polarization direction and PRC thickness
with a constant applied field level of 1,000 V/cm. Pump and signal beam in s-
polarization with PRC aligned for longitudinal two wave mixing.
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PIS

Intensity of the ultrasonic signal as a function of PRC thickness in mm and angle of exit polarizer to s direction
in degrees

ESso.0= 1 EPso,o= 3.162 Input signal (S) and pump (P) field Ass = 0 Apss = 3.65 x 109
amplitudes for s (s) and p (p)

ESp0,o= 0 EPpo,o= 0 polarizations Aspp= 3.65 x 109 Apspp = 0

Orientation of the crystal axes with respect to propagation direction (x), diffraction grating direction (y), and
normal to incidence plane (z)

1 1 0

gxo = ; l gyo - ; gzo - _

0o= 10 angle of incoming pump and signal beams to the PRC normal _ = 56 dielectric constant
NA= 6 x 102_ acceptorsitesper m3 n = 2.54 indexof refraction
r4,1- 5 x 10'_2 electro-optical coeff a = 10 ultrasonic amplitude in nanometers N = 100
Eo = 1 x 105 electric field in V/m cz= 330 attenuation coefficient in 1/m NN = 80
t = 5 x 10.3 max thickness in m Po = 40 rotation coefficient in degrees/mm

Figure 2.6.28 MathCad run. Ultrasonic signal strength as a function of the orientation

of the output polarizer to the s polarization direction and PRC thickness with a

constant applied field level of 1,000 V/cm. Pump and signal beam at 45 degree

polarization with PRC aligned for longitudinal two wave mixing.
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PIS

Intensity of the ultrasonic signal as a function of PRC thickness in mm and angle of exit polarizer to s direction
in degrees

ESs0,0= 0.707 EPs0,o= 2.236 Input signal (S) and pump (P) field Ass = 3.659 x 109 Apss = 0
amplitudes for s (s) and p (p)

ESpo,0= 0.707 EPpo,0= 0.707 polarizations Aspp= 0 Apspp= 1.81x 107

Orientation of the crystal axes with respect to propagation direction (x), diffraction grating direction (y), and normal to
incidence plane (z)

-1 0 1

,0
0o- 10 10 2_ angle of incoming p3umpand signal beams to the PRC normal s = 56 dielectric constantNA= 6x acceptorsitesperm n= 2.54indexof refraction
r4.1= 5 x 1042 electro-optical coeff a = 10 ultrasonic amplitude in nanometers N = 100
Eo= 1 x 10 electric field in V/m ct = 330 attenuation coefficient in 1/m NN = 80
t = 5 x 10.3 max thickness in m Po= 40 rotation coefficient in degrees/mm

Figure 2.6.29 MathCad run. Ultrasonic signal strength as a function of the
orientation of the output polarizer to the s polarization direction and PRC thickness
with a constant applied field level of 1,000 V/cm. Pump and signal beam in s-
polarization with PRC aligned for transverse two wave mixing.
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PIS
Intensity of the ultrasonic signal as a function of PRC thickness in mm and angle of exit polarizer to s direction in
degrees

ESSo.o- 0.707 EPSo.o= 2.236 Input signal (S) and pump (P) field Ass = 0 Apss - 3.65 x 109
amplitudes for s (s) and p (p)

ESPo.o= 0.707EPPo.o= 2.236 polarizations Aspp = 3.65 x 109Apspp = 0

Orientation of the crystal axes with respect to propagation direction (x), diffraction grating direction (y), and normal to
incidence plane (z)

1 1 0

Rxo- ;1 Ryo- 10 R_o- 0

0o= 10 angle of incoming p3umpand signal beams to the PRC normal c = 56 dielectric constant
NA = 6 x 102_ acceptor sites per m n = 2.54 index of refraction

10 -12r4,1= 5 X electro-optical coeff a = 10 ultrasonic amplitude in nanometers N = 100
Eo= I x 105 electric field in V/m cz= 330 attenuation coefficient in 1/m NN = 80
t = 5 x 10.3 max thickness in m Po= 40 rotation coefficient in degrees/mm

Figure 2.6.30 MathCad run. Ultrasonic signal strength as a function of the
orientation of the output polarizer to the s polarization direction and PRC thickness
with a constant applied field level of 1,000 V/cm. Pump and signal beam at 45 degree
polarization with PRC aligned for transverse two wave mixing.
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PIS

Intensity of the ultrasonic signal as a function of PRC thickness in mm and angle of exit polarizer to s direction in degrees

ESSo.0= 1 EPSo.o= 3.162 Input signal (S) and pump (P) field Ass = 1.294 x 109 Apss = 1.291 x 109
amplitudes for s (s) and p (p)

ESPo,o= 0 EPPo.o= 0 polarizations Aspp = 1.291 x 109 Apspp = 3.875 x 109

Orientation of the crystal axes with respect to propagation direction (x), diffraction grating direction (y), and normal to
incidence plane (z)

-1 1 -11
Rxo- 1 Rso - 1 Rzo-

o 1.414 1.414

0o= 10 angle of incoming pump and signal beams to the PRC normal s = 56 dielectric constant
NA= 6 x 102_acceptorsitesper m3 n = 2.54 indexof refraction

10 '12r4a -- 5 X electro-optical coeff a = 10 ultrasonic amplitude in nanometers N = 100
E ° = 1 x 105 electric field in V/m tx = 330 attenuation coefficient in 1/m NN = 80

t = 5 x 10 .3 max thickness in m Po= 40 rotation coefficient in degrees/mm

Figure 2.6.31 MathCad run. Ultrasonic signal strength as a function of the
orientation of the output polarizer to the s polarization direction and PRC thickness
with a constant applied field level of 1,000 V/cm. Pump and signal beam in s-
polarization with PRC aligned half way between longitudinal and transverse two wave
mixing.
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PIS
Intensity of the ultrasonic signal as a function of PRC thickness in mm and angle of exit polarizer to s direction in degrees

ESso.0= 0.707 EPs0.0= 2.236 Input signal (S) and pump (P) field Ass = 1.294 x 109 Apss = 1.291 x 109
amplitudes for s (s) and p (p)

ESp0.0= 0.707 EPp0.0= 2.236 polarizations Aspp = 1.291 x 109 Apspp = 3.875 x 109

Orientation of the crystal axes with respect to propagation direction (x), diffraction grating direction (y), and normal to incidence
plane (z)

-1 1 -

R_o- 1 Ryo - 1 Rzo-
o 1.414 1.4 4

0° = 10 angle of incoming pump and signal beams to the PRC normal _ = 56 dielectric constant
NA= 6 x 102_acceptorsitesperm n = 2.54 indexof refraction
r4a "- 5 X 10-_2 electro-optical coeff a = 10 ultrasonic amplitude in nanometers N = 100
Eo = 1 x 105 electric field in V/m cz= 330 attenuation coefficient in 1/m NN = 80
t = 5 x 10.3 max thickness in m Po= 40 rotation coefficient in degrees/mm

Figure 2.6.32 MathCad run. Ultrasonic signal strength as a function of the
orientation of the output polarizer to the s polarization direction and PRC thickness
with a constant applied field level of 1,000 V/cm. Pump and signal beam at 45 degree
polarization with PRC aligned half way between longitudinal and transverse two wave
mixing.
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It is constructive to explain why an applied voltage augments the ultrasonic signal. Two

wave mixing leads to ultrasonic signals because the output of the signal beam is really an

interference between a diffracted pump beam and a straight-through signal beam. Changing the

phase of the signal beam alters the interference and results in a change in the intensity at the

photodiode. Look back at Equation 3. Without an applied field q)is 90 degrees (Equation 3).

This makes the coefficient in front of the two wave term real. The diffracted wave is in-phase

with the propagating wave, and two wave mixing is optimal. With (_= 0, we are at a maximum

in two wave mixing. To first order, an ultrasonic change in the phase of the signal beam does

alter the magnitude of the signal beam diffracted; it makes changes at the photodiode only from

the influence of the phase change on the interference with the diffracted beam. When an extra

field is applied, q)deviates from 90 degrees (Equation 1). Notice that the effect increases as the

magnitude of the grating wave vector (K) decreases at lower Bragg angles (0). Now, to first

order, the ultrasonic phase change does alter the magnitude of the diffracted signal beam. Phase

and magnitude of the straight-through signal beam are both affected, and there is opportunity for

greater ultrasonic signal.

2.6.3.3.8 The Influence of the Bragg Angle

Let's see what the Bragg angle does to the ultrasonic signal. For illustration, the program

is set up for longitudinal two wave mixing on a PRC with the properties of our 2.25 mm BSO

crystal. A 45 degree polarization was used for both signal and pump beams and the output

looked at the ultrasonic signal with no polarizer. In Figure 2.6.33, the results with no applied

electric field are shown. This time, the normalized ultrasonic signal intensity along with the
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straight signal are plotted. If the noise on the RF signal is proportional to the DC signal level,

the normalized signal gives a better estimate of expected signal-to-noise ratio. Please notice that

the Bragg angle has very minor influence. Especially for the normalized calculation, very few

contour lines are crossed in moving vertically on the plot. Figure 2.6.34 demonstrates the same

process with an applied field of 2,000 V/cm. This time, E° plays a major role. Incidence angles

near the normal to the PRC surface clearly give stronger RF signals. This is because the shift in

due to added Eo depends on the ratio of Eoto K, and K is smaller at smaller 0.
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US

RF signal intensity as a result of the ultrasonic phase shift as function of PRC thickness in mm and Bragg angle
in degrees (no output polarization)

USN

RF signal intensity, normalized to no phase shift signal, as a result of the ultrasonic phase shift as function of PRC
thickness in mm and Bragg angle in degrees (no output polarization)

NA = 6 x 102_number of acceptor sites per m3 r4,_= 5 x 10'_2 electro-optical coefficient
n = 2.54 PRC index of refraction cz= 320 optical attenuation coefficient inl/m
s = 56 PRC dielectric constant t = 0.01 PRC thickness in m

Eo = 0 applied electric field V/m Po= 40 optical active param in degree/mm
ESso,o= 0.707 ESpo,o= 0.707 Asso= 2.746 x 109 Apsso= 0
EPso,o= 2.236 EPpo,o= 2.236 Asppo= 0 Apspp()= 1.238x 107

Figure 2.6.33 Effect of the Bragg angle. The program is set up for longitudinal two
wave mixing on a PRC with the properties of our 2.25 mm BSO crystal. A 45 degree
polarization was used for both signal and pump beams and the output looked at the
ultrasonic signal with no polarizer with no applied electric field.
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us

RF signal intensity as a result of the ultrasonic phase shift as function of PRC thickness in mm and Bragg angle in degrees
(no output polarization)

?!

LTSN

RF signal intensity, normalized to no phase shift signal, as a result of the ultrasonic phase shift as function of
PRC thickness in mm and Bragg angle in degrees (no output polarization)

NA = 6 x 10:_ number of acceptor sites per m3 r4,1= 5 x 10'_2 electro-optical coefficient
n = 2.54 PRC index of refraction c_= 320 optical attenuation coefficient inl/m
s = 56 PRC dielectric constant t = 0.01 PRC thickness in m

Eo = 2 x 105applied electric field V/m Po= 40 optical active param in degree/mm
ESso,o= 0.707 ESp0,0= 0.707 Asso= 5.384 x 109 Apss0 = 0

EPs0,0= 2.236 EPP0.0= 2.236 Asppo= 0 Apspp o= 2.517 x 10v

Figure 2.6.34 Effect of the Bragg angle. The program is set up for longitudinal two

wave mixing on a PRC with the properties of our 2.25 mm BSO crystal. A 45 degree

polarization was used for both signal and pump beams and the output looked at the

ultrasonic signal with no polarizer with an applied electric field of 2000 V/cm.
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2.6.3.3.9 Circular Polarization

Since the BSO crystal is optically active (linearly polarized radiation is rotated through

propagation), the circular polarized plane waves are the normal modes of propagation. Circular

polarized waves have this special distinction for the BSO crystal; therefore, ultrasonic detection

with circular polarized radiation is of interest. Figures 2.6.35, 2.6.36, and 2.6.37 portray the

ultrasonic signal as a function of PRC thickness and output polarizer angle for both input beams

circularly polarized, the signal beam circularly polarized, and the pump beam circularly

polarized, respectively. The other experimental parameters are the same as in Figure 2.6.27 and

2.6.29. Figure 2.6.27 gives the action for s polarized inputs, whereas Figure 2.6.29 reflects 45

degree polarization. When both inputs are circularly polarized, results are better than with 45

degree linear polarization and about as well as s polarization. Circular polarization on just one of

the inputs (Figures 2.6.36 and 2.6.37) is not advised. All and all, the circular polarization

arrangement seems to be satisfactory, but from this limited study it appears to be no great boon.

The three studies just discussed are intended to give the reader a feel for the utility of the

program. Of course, many other investigations are possible.
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PIS
Intensity of the ultrasonic signal as a function of PRC thickness in mm and angle of exit polarizer to s direction in
degrees

ESso.o= 0.70'7 EPso.o= 2.236 Input signal (S) and pump (P) field Ass = 3.659 x 109 Apss = 0
amplitudes for s (s) and p (p)

ESPo.o= 0.707i EPPo.o= 2.236i polarizations Aspp= 0 Apspp= 1.71x 107

Orientation of the crystal axes with respect to propagation direction (x), diffraction grating direction (y), and normal to
incidence plane (z)

-1 0 1

° 7 °
t30= 10 angle of incoming P3umpand signal beams to the PRC normal c = 56 dielectric constant
NA= 6 x 102_acceptorsitesperm n = 2.54 indexof refraction

10 42r4,_ = 5 X electro-optical coeff a = 10 ultrasonic amplitude in nanometers N = 100
Eo= 1 x 105 electric field in V/m cz= 330 attenuation coefficient in l/m NN = 80
t = 5 x 10.3 max thickness in m Po= 40 rotation coefficient in degrees/mm

Figure 2.6.35 MathCad run. Ultrasonic signal as a function of PRC thickness and
output polarizer angle for both input beams circularly polarized. The other
experimental parameters are the same as in Figure 2.6.27 and 2.6.29.
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PIS
Intensity of the ultrasonic signal as a function of PRC thickness in mm and angle of exit polarizer to s direction in
degrees

ESso,0= 0.707 EPSo.o= 2.236 Input signal (S) and pump (P) field Ass = 3.659 x 10° Apss = 0
amplitudes for s (s) and p (p)

ESP0.0= 0.707i EPPo.o= 2.236 polarizations Aspp = 0 Apspp = 1.71 x 107

Orientation of the crystal axes with respect to propagation direction (x), diffraction grating direction (y), and normal to
incidence plane (z)

-1 0 1

RJ°- O1 Ryo- _ R=o- ;

0 o = 10 10 2_ angle of incoming pump and signal beams to the PRC normal _ = 56 dielectric constantNA= 6 x acceptorsitesperm n= 2.54indexofrefraction
r4, l -- 5 X 10'_2 electro-optical coeff a = 10 ultrasonic amplitude in nanometers N = 100
Eo= 1 x 105 electric field in V/m cz= 330 attenuation coefficient in 1/m NN = 80
t = 5 x 10.3 max thickness in m Po= 40 rotation coefficient in degrees/mm

Figure 2.6.36 MathCad run. Ultrasonic signal as a function of PRC thickness and
output polarizer angle for the signal beam circularly polarized. The other experimental
parameters are the same as in Figure 2.6.27 and 2.6.29.
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PIS

Intensity of the ultrasonic signal as a function of PRC thickness in mm and angle of exit polarizer to s direction in
degrees

ESs0.0= 0.707 EPs0.0= 2.236 Input signal (S) and pump (P) field Ass = 3.659 x 109 Apss = 0
amplitudes for s (s) and p (p)

ESP0.0= 0.707 EPPo.0= 2.236i polarizations Aspp = 0 Apspp = 1.71 x 107

Orientation of the crystal axes with respect to propagation direction (x), diffraction grating direction (y), and normal to
incidence plane (z)

-1 0 1

° °
0 = 10 angle of incoming p3ump and signal beams to the PRC normal _ = 56 dielectric constant
N°A= 6 x 102_acceptorsitesper m n = 2.54 indexof refraction

10 '12r4.1-- 5 x electro-optical coeff a = 10 ultrasonic amplitude in nanometers N = 100
E o= 1 x 105 electric field in V/m c_ = 330 attenuation coefficient in 1/m NN = 80
t = 5 x 10 .3 max thickness in m Po= 40 rotation coefficient in degrees/mm

Figure 2.6.37 MathCad run. Ultrasonic signal as a function of PRC thickness and
output polarizer angle for the pump beam circularly polarized. The other experimental
parameters are the same as in Figure 2.6.27 and 2.6.29.
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2.6.3.3.10 MathCad program "PRCTWebb.mcd"

This program simulates two wave mixing in a cubic photo-refractive crystal. It is

specifically written to check the PRC two wave mixing routine by comparing with published

experimental data from Webb et al. (1994). The two wave mixing gain is the difference between

intensity with and without two wave mixing divided by intensity without two wave mixing. The

signal and pump gains are calculated as a function of incoming polarization (both pump and

signal maintain the same polarization) and PRC thickness.

INTEGRATION PARAMETERS

N := 200 input the number of steps in the numerical integration

NN := 80 input the number of steps in the input polarizer rotation

PHYSCIAL CONSTANTS

i :=i make"i" thesquarerootof minus1

bt '- 4re' !0.7 permeability of free space in MKS units

_o'- 8.854 x 10'12 permittivity of free space in MKS units

1 velocityof lightin freespace
C0'--

x/_c0

kB'- 1.381 x 10 -23 Boltzman Constant in MKS units

q '- 1.602 x 10 -19 electronic charge in Coulombs

CRYSTAL PARAMETERS

n := 2.54 input PRC index of refraction at laser frequency (BSO = 2.54)

:= 56 input PRC dielectricconstantat RF frequencies(BSO= 56)

c_'- 0 input the exponential light absorptioncoefficient in unit of

1/cm

t '- 10 inputcrystalthicknessinmm

NA '- 3.5 x 1015 input the number of acceptor sites per cubic centimeter of the

PRC

Po'- 45 input the optically active rotation coefficient in degrees per
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mm

tx '- 100 ct convert czto MKS units

NA '- NA' 1003 convertNA to MKS

t convert t to MKS

1000

(1-_00) convertp to radiansperm
P '- Po 1000

EXPERIMENTAL PARAMETERS

0° '- 10 input angle of incidence in degrees of the incoming signal beam and pump

beam to the normal of the crystal face

Jr convert 0 to radians

0'-0° 180

0'-sin-' ( 'sin(o))n Use Snell's law to find convert to the angle inside the crystal

_,o'- 0.5145 input laser free-space wavelength in microns

2 '- )t°. 106 convert k to wavelength inside the crystal in meters
n

T '- 300 input absolute temperature in K

Set up iteration parameters for the applied fields, Eo

P '- 50 input the number of applied field levels to be plotted

E0max -- 106 input the maximum applied electric field in V/m in the grating direction

o := 0..(P-1) do the thickness integration for P applied fields

o iterate E 0 from 0 to Ema x in P steps
E00 '- E0maxP-1

ESso,o '- x/-6.5 Input the electric field amplitudes at the front face of the crystal. ESs is
the initial component of the signal beam field polarized perpendicular to

ESpo,o'- 4-6.5
the plane of incidence; ESp is the signal field in the plane of incidence;

EPso,o '- _.5 EPs is the amplitude of the pump beam field perpendicular to the plane of
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EPpo,o '- x/-6.5 incidence; and EPp is the initial pump field in the plane of incidence.

EPsoo ' ESsoo + EPpo,o' ESpoo ' cos(20) calculate the initial
/0,o '_ ' ' '

ESso,° .ESso,° + ESpo,o. ESpo,o+ EPso,°.EPso, ° + EPpo,o. EPpo,o modulation index

calculate laser wave number
k._2 zr

/t

2rfc° calculate laser angular frequency in Hz
(ti:=

A0' 10-6

K := 2 k sin(O) calculate the magnitude of the grating wave number

:=kB'T calculatekc

ELECTRO-OPTICAL COEFFICIENTS ENTERED BELOW

r4,_'- 4.5 x 10-_2 please, input here the non-zero r coefficient in

rs,2 '- r4, _ MKS units (m/V) for the crystal of interest

r6,3 := r4, _

DO THE CALCULATIONS

First specify the PRC crystal axis in terms of the natural experimental coordinates. For the

experiment, the x-direction is normal to the illuminated face of the crystal; its positive direction

is in the direction of propagation. The experimental y-direction is in the plane of incidence and

normal to the x-axis. The experimental z-direction is perpendicular to the plane of incidence (in

the s polarization direction); its orientation is determined by the right hand role from the x and y

axes. Input R, Ry, and R, where R is the crystal direction in the x-axis, Ry is the crystal axis

along the y-axis, and R is the crystal axis along the z-axis.

please, input the Miller indices of the crystal axes in the experimental coordinates:

R_o Ryo R_o

gxo- Igxolgyo:=IR,olR=o- Ig=ol

normalize the crystal axes
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1 1 0

R_o '- -1 Ryo '- ; R_o'- _0

creation of the orthogonal matrix that rotates the vectors from the experimental axes to the

crystal axes

Rxo Ryo Rzo0'- R_, Ry_ R_

LRj2 Ry 2 R_

Now, the electro-optical tensor is determined by user input of the standard two-dimensional

electro-optical coefficients (Section 1.4 in Yeh book)

ESTABLISH THE INTEGRATION COEFFICIENTS

Convert the 2-D r matrix to a third order r tensor

r3(u,v, w)'- (5(u,v). ru+,,w+, + 8(u + v,3)-F4,w+1 q- (_5'qH- vi,2).F5,w+ 1 -']- tS_(/g q- v,l)' r6,w+l )

Calculate (Escmax) the proportionality constant between the space charge electric field and the

ratio of grating intensity to total intensity

calculate the Debye wave number assuming ND >> NA, p89 Yeh

I q2.NA
ko '- kD- 6.613x 106

£' £o ' kr

i . K .kr _ Eo

Escmax '- q dp'- arg(Escmax) Escmax- 8.006 x 10_i
K i.q.K.E o

1+ + 2
kr ·ko

unit vector in the direction of the space charge field in experimental coordinate system
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0

E'- 10

unit vector perpendicular to the incidence place. This establishes the direction of the s-polarized

wave component in experimental coordinates

0

S'--

unit vector in the place of incidence and perpendicular to the direction of propagation of the

pump beam. This establishes the direction of the p-polarized wave of the pump beam in

experimental coordinates.

F- sin(O)l

pp'-[C°So(°)1

along grating component of pump wave number

/3p '- k . cos(O)

unit vector in the plane of incidence and perpendicular to the direction of propagation of the

signal beam. This establishes the direction of the p-polarized wave of the signal beam in

experimental coordinates.

Csin(8)l

PsLC°SoO'j
along grating component of signal wave number

?s.- _.cos(O)
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Express above unit vectors in the crystal coordinate system

ec '- O'E sc'- O's ppc'- O'pp psc'- O'ps

CALCULATE THE DIFRACTION COUPLING COEFFICIENTS

mm '- 0..2 nn '- 0..2

2

Amm, nn °- (-O2' ]_/' £°'/14' IEscmaxl ' Z r3(mm'nn'k)' eck Compute the nambda tensor as in Yen
k=0

4.4-7

T T
Ass := sc ·A. sc Apss'- psc r .A. sc Appps := ppc · A. psc

T T T

Asps := sc ·A. psc Aspp'= sc ·A . ppc Apspp'- psc r . A .ppc Apps := ppc .A .sc

j '- 0..(N-l) set up iteration parameter

INTEGRATE NO TWO WAVE MIXING STATE

B

1 t

ESsoj,o + (- a . ESsoj,o - 2p. ESpoj,o)2cos(O ) ._

[ ESso j+_,o 1 tESpo7,o+ (- a .ESpo7,o+ 2p . ESso ,,o) 2 cos/0 _'-_ESpo j+l,o k] l,

1 t

I EPs° ,+_,o EPso + (- a . EPso -2,o. EPpo )2co '--
IEPP°7+I,o 7,o 7,o 7,o s(0) N1 t

EPpoT,o + ¢ a. EPpo,,o + 2,o. EPsoT,o)2cos(O ) ._-

INTEGRATE TWO WAVE MIXING CASE

The first row in the expression below tracks the modulation index (Iii0) through the PRC.

The last four rows do the integration of field magnitudes for the signal and pump beam in the s

and p polarizations. The first terms in the field increment expressions do the two-wave mixing

the second accounts for PRC light attenuation, whereas the third does the optical active

polarization rotation.
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EPs j,o ' E-_Sj,o+ EPp j,o' E-_Pj,o' cos(20) 1

ESs o' k-_s j o+ ESpj o ' g_EPs j o' E"_sj o+ EPp j o .k-_p j o

' 'j+_o - I ESs +I i. e-i° ess'EPs, o+ Aspp. EPp,,o)I_.,o-a'ESSj,o-2P' ESpj,o_2cos(ff)'-N

ESx,+_oI "o L k ' _ l _

EPsj+_o _ _p_ +Ii . e_O(Ass. ESs jo+ Asps. ESpj,o)I,,o -a ' EPS,,o - 2/9.EPP,,o__Cos(0 ) N
EPpj+_,o [ ._-_j,o [_ k ' ' _ 1 t i

_EPPjo+(i'; '° (Apps. ESSj,o+ApPps'ESpJ,o)Ij,°-a'EPPJ'°+2p'EPsj'°_2c'--_s(O)' ff J

tt '= 0.002 input thickness for graphing in meters

K := floor t N calculate the value of j corresponding to thickness to be plotted
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Intensities of s and p polarizations of the pump and signal beams with two wave mixing at thickness tt as a function of

the mutual input polarization to the s direction

NA 3.5 x 102_ number of acceptor sites per m3 10-_2= r4,] = 4.5 x electro-optical coefficient

n = 2.54 PRC index of refraction ct = 0 optical attenuation coefficient in 1/m

= 56 PRC dielectricconstant t = 0.01 PRCthicknessin m

X,o= 0.514 laser free space wavelength in microns 00 = 23 angle of incoming radiation to PRC normal in

degrees

Po = 45 optical active param in degree/mm N = 200 number of integration steps

IS = 1 input intensity of signal beam IP = 50 input intensity of pump beam

1 1 O'

Rx°--10 gY°- l0 gz°-O1 Orientation of the PRC crystal axes
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Total intensities of the pump and signal beams at tt as a function of ®

Calculate the two wave mixing gains with no polarizer on output

signal beam gain:

¢SSj,o .ESsj----_o+ ESpj,o ' ESpj,o)-¢Ssoj,o.ESsoj,'-------_+ ESpoj,o . ESpoj,o)

pump beam gain'

(EPsj,o . EPsj,o + EPp j,o ' EPp j,o)-(EPsoj,o.EPsoj,o + EPpoj,o .EPpo j,o)

GSj,° .- (EPsoj,o ' EPsoj,o + EPpoj, o . EPpoj,o)
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ot of two wave mixing gain vs. polarization of incoming pump and signal beams relative to s polarization

NA = 3.5 x 102_ number of acceptor sites per m3 r4,1= 4.5 x 10-_2 electro-optical coefficient

n = 2.54 PRC index of refraction cz= 0 optical attenuation coefficient in 1/m

= 56 PRC dielectricconstant tt = 2 x 10.3 plotted PRCthicknessinm

Xo = 0.514 laser free space wavelength in microns t = 0.01 PRC thickness in m

Po = 45 optical active param in degree/mm 0o = 23 angle of incoming radiation to PRC normal in

degree

IS = 1 input intensity of signal beam N = 200 number of integration steps

IP = 50 input intensity of pump beam

1 1 0

gxo--1 gyo- ; gao- _ OrientationofthePRCcrystalaxes0

Ass= 0 Apss= 2.21x 109 Ass=0 Apps= 2.21x 109

Aspp= 2.21x 109 Apspp= 0 Asps = 2.21x 109 Appps= 0
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2.6.3.3.11 MathCad program "PRCEo.mcd"

This program simulates two wave mixing in a cubic photo-refractive crystal using

repeated integrations as presented in "PRC 1.mcd". 2-D graphs of ultrasonic output as a function

of applied voltage and PRC thickness are produced.

INTEGRATION PARAMETERS

N := 200 input the number of steps in the full length integration

PHYSCIAL CONSTANTS

i := i make"i" thesquarerootof minus1

g '- 4rr' 10'_ permeability of free space in MKS units

80 °- 8.854 X 10 '_2 permittivity of free space in MKS units

1 velocityof lightinfreespace

c° 4_£0

k_ '- 1.381 x 10'23 Boltzman Constant in MKS units

q '- 1.602 x 10'_9 electronic charge in Coulombs

CRYSTAL PARAMETERS

n := 2.54 input PRC index of refraction at laser frequency (BSO = 2.54)

:= 56 input PRC dielectricconstant at RF frequencies(BSO= 56)

cz:= 3.3 input the exponential light absorption coefficient in unit of

1/cm

t :=5 inputcrystalthicknessinmm

NA '- 6 x 10_s input the number of acceptor sites per cubic centimeter of the

PRC

Po'- 40 input the optically active rotation coefficient in degrees per
mm

ct '- 100'or convertczto MKSunits

NA :=NA' 1003 convert NA to MKS
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t convert t to MKS
to_

1000

(1_0) convertp to radiansperm
P °- Po 1000

EXPERIMENTAL PARAMETERS

0° '- 23 input angle of incidence in degrees of the incoming signal beam and pump

beam to the normal of the crystal face

Jr convert 0 to radians

0'-0° 180

6/'-sin_l (sin(O)___ Use Snell's law to convert to the angle inside the crystal

Xo'- 0.5145 input laser free-space wavelength in microns

2 '- 2°' 106 convert X to wavelength inside the crystal in meters
n

T '- 300 input absolute temperature in K

E° '- 0 input the applied electric field in V/m in the grating direction

Iterate the input polarization of the S and P beams for 0 to 180 degrees with respect to s

polarization. The S and P beams rotate together; they maintain the same polarization

o '- 0..(NN- 1)

re. o iterate input polarization from 0 to 180
O o --

NN

IS '- 1 input incoming intensity of signal beam

IP '- 50 input incoming intensity of pump beam

ESso,o '- x/IS. cos(® o) ESpo,o'- x/_. sin(®o) Calculate initial input components
for each polarization state.

EPso,o '- 4IP . cos(® o) EPpo,o '- x/'_ . sin(O o)

ESso0,° '- ESso,° ESpo0,° '- ESp0,o give no two mixing calculation the

EPso0,° '- EPs0,° EPpo0,° '- EPp0,o same initial conditions
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EPsoo ·ESsoo + EPpoo · ESpoo · cos(20) calculate the initial
I0,o '_ ' ' ' '

ESso.° ·ESso° + ESPo,o·ESPoo + EPso.° · EPso° + EPpo.o· EPPoo modulation index

2zr calculate laser wave number
K :=

A

2_c° calculate laser angular frequency in Hz
r_.O;=

/_o' 10-6

K '- 2k ' sin(0) calculate the magnitude of the grating wave number

1%'- kBT calculate 1%

ELECTRO-OPTICAL COEFFICIENTS ENTERED BELOW

please, input here the non-zero r coefficient in MKS units (m/V) for the crystal of interest

r4,1 '-5 x 10 '12

rs,2 := r4,_

r6,3 :- r4,_

INPUT ULTRASONIC AMPLITUDE

a '- 10 input ultrasonic amplitude in nanometers

Cf'-2 a_a_.2zr-10 -3 convert amplitude to a phase shift in the signal beam

DO THE CALCULATIONS

First specify the PRC crystal axis in terms of the natural experimental coordinates. For

the experiment, the x-direction is normal to the illuminated face of the crystal; its positive

direction is in the direction of propagation. The experimental y-direction is in the plane of

incidence and normal to the x-axis. The experimental z-direction is perpendicular to the plane of

incidence (in the s polarization direction); its orientation is determined by the right hand role

from the x and y axes. Input R, Ry, and Rz,where Rxis the crystal direction in the x-axis, Ry is

the crystal axis along the y-axis, and Rz is the crystal axis along the z-axis.
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please, input the Miller indices of the crystal axes in the experimental coordinates

-1 1 0

xo; yo;
normalize the crystal axes

Rxo Ryo Rzo

gxo'-Igxol gyo:--/l'g_o---7 gzo:- IR_o_

creation of the orthogonal matrix that rotates the vectors from the experimental axes to the

crystal axes

Rxo Ryo Rzo0'- Rj, Ry1 Rz_

IRx_ Ry_ Rz_

Now, the electro-optical tensor is determined by user input of the standard two-dimensional

electro-optical coefficients (Section 1.4 in Yeh book)

ESTABLISH THE INTEGRATION COEFFICIENTS

Convert the 2-D r matrix to a third order r tensor

_3(u,v,_)'- _(u,v).r_+_,w+_+,_(u+7,3).r4,w+,+¢qu- vl,2).r_,w+,+_(u+v,1).r6,_+_)

Calculate (Escmax) the proportionality constant between the space charge electric field and the

ratio of grating intensity to total intensity

2. NA calculate the Debye wave number assuming ND >>kz>'- a .co · kr NA, p89 Yeh
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i'K'kr -E
0 o

q _o'- arg(EscmaXo)Escmax° .-
K i'q'K°Eo °

1+ + 2
kr ·kz>

0 unit vector in the direction of the space charge field in experimental

E '- _ coordinate system

0 unit vector perpendicular to the incidence plane. This establishes the

s '- _ direction of the s-polarized wave component in experimental coordinates

- sin(O)-] unit vector in the place of incidence and perpendicular to the direction of
/

pp.__ COS(tg)_ propagation of the pump beam. This establishes the direction of the p-

o polarized wave of the pump beam in experimental coordinates.

pp '- k .cos(O) along grating component of pump wave number

sin(O)-] unit vector in the plane of incidence and perpendicular to the direction of

ps '-I cos(tg) i propagation of the signal beam. This establishes the direction of the p-

0 J polarized wave of the signal beam in experimental coordinates.

ps '--k .cos(O) along grating component of signal wave number

Express above unit vectors in the crystal coordinate system

ec'- O'E sc'- O's ppc'- O'pp psc'- O'ps

CALCULATE THE DIFRACTION COUPLING COEFFICIENTS

mm '- 0..2 nn '- 0..2

2

Amm,nn '- (02 ' _ ' £o ' t74 ' _ r3(mm,nn, k) ' ec_ Compute the Lambda tensor as in Yeh 4.4-7
k=0

Asso'-sc 'A'sc'lEscmaxo] Apsso'-psc .A.sc'lEscmaxol
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Asps o '- sc r . A . psc . IEscmaxol Aspp o '- sc r . A . ppc . IEscmaxol

Apspp o '- psc r . A . ppc . IEscmaxoI Apps o '- ppc r . A . sc. IEscmaxoI

Appps o 0- ppc r , A . psc ' IEscmaxo[

j '- 0..(N-l) set up iteration parameter

INTEGRATE NO SIGNAL STATE

The first row in the expression below tracks the modulation index (I_/I0) through the PRC.

The last four rows do the integration of field magnitudes for the signal and pump beam in the s

and p polarizations. The first terms in the field increment expressions do the two-wave mixing,

the second accounts for PRC light attenuation, whereas the third does the optical active

polarization rotation.

EPs j,o .ESs j,o+ EPp j,o ' ESp j,o ' cos(20)

ESs j,o ' ESSj,o+ ESpj,o ' ESp j,o+ EPSj,o. EPSj,o + EPp j,o· EPp j,o

- - Ii.e-io°(Asso.EPsj,o+Asppo.EPPj,o)l--_.o_Cr.ESsjo_2P ESpjol 1 t
lj+l,o ESs j o + ' '_k ' 2cos(O)N

ESs j+l,o

ESpj+i ° := ESpj ° +Ii'e-i_°(Apsso .......EPsj,o+Apspp ° EPpj,o)l--_,oaESpjo+2 p ESsj,o I 1 t' k 2cos(O)N

EPsj+I'° I i_o ]

i . e ess o ESs ;o + Asps o ESp;,o)l ;,o a EPs ; o 2to EPp ;,o 1 tEPp ;+1o EPs ;,o+ ........- - k 2cos(O)N

I i'ei_° IItEPP;'° + k (Apps° 'ESs;°' +ApPps°'ESp;'°)IJ'°-a'EPP;'°+2p'EPs;'° 2cos(0)'N

._ AppSo

Yo 2k cos(O) calculate the lambda parameter in 1/m
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Signal and pump beam intensities with s and p polarizations as a function of PRC thickness in m

NA = 6 x 102_ number of acceptor sites per m3 r4,i = 5 x 10-12 electro-optical coefficient

n = 2.54 PRC index of refraction ct= 330 optical attenuation coefficient

= 56 PRCdielectricconstant t = 5 x 10.3 PRCthicknessin m

X,o= 0.514 laser free space wavelength in microns 0o = 10 angle of incoming radiation to PRC normal in

degrees

Escmax ° = 8.846 x 104 1 space charge field maximum V/m N = 20 number of integration steps

9o= 40 optical active param in deg/mm

ESSo.0= 0.707 free space input amplitude of signal beam with normal polarization

ESPo,o= 0.707 free space input amplitude of signal beam with incident plane polarization

EPSo.0= 2.236 free space input amplitude of pump beam with normal polarization

EPP0,o= 2.236 free space input amplitude of pump beam with incident plane polarization
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ESsuo,o '- ESso,o · e i_ EPsuo, o '- EPso,o Apply an ultrasonic phase shift amplitude

EXPuo. o '- EXPo,o · e i¢' EPpuo,o '- EPpo.o to both polarizations of the signal beam

INTEGRATE

Integrate through the PRC again but this time let the space charge remain as calculated with the

no ultrasonic signal exercise above

Ii'e-i° 1ESsu7.o+ (Asso .EPSUjo+ Asppo . EPpu;o )Ti.o -a. ESsuj.o - 2p. ESpujo 1,_, . t___

! [ i'e-O° IIt
ESsu;+_'° ESpuj.o + (Apsso · EPsuj.o + Apsppo ·EPpuj o)I--_',o- a .ESpu;o + 2p . ESsu; o _.--

[ ' [i'eiO°¢SSo ESsuj,o+ASps o ESpuj,o)Ij,oaEPsuj,o 2p EPpuj,ol 1 tEPpuj+/. EPsu; o+ ........o _ 2cos(o)N

[i'ei_° I itESpu;'° + k (Apps° 'ESsuj'° +ApPps° 'EPpuj°)IJ'°' -a'EPpuj'° +2p'EPsuj'° 2cos(0--------)'N'

Calculate the RF signal intensity at the photodiode imposed by the ultrasonic signal with no

polarizer in-place

- -qSsol+ -qSpol)
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Calculate the RF signal intensity relative to the no signal amplitude at the photodiode imposed

by the ultrasonic signal

._ IS j,o

i_n_oq_pjol)_+q_s_ol)_ __o:-q_S_ol)_+q_p_ol/
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IS

Intensity of the ultrasonic signal as a function of PRC thickness in mm and applied field in V/m with no polarizer

at output of signal beam

ESs0.o= 0.707 EPSo.o= 2.236 Input signal (S) and pump (P) field Ass_p= 0 Apss_v= 9.686 x 109
2 2

amplitudes for s (s) and p (p)

ESP0.0= 0.707 EPPo.o= 2.236 polarizations Asppp = 9.686 x 109 Apspp p = 0
2 2

Orientation of the crystal axes with respect to propagation direction (x), diffraction grating direction (y), and normal to

incidence plane (z)

-1 1 0

xo-; yo-;
0o= 10 angle of incoming pump and signal beams to the PRC normal c = 56 dielectric constant

NA= 6 x 102_ acceptorsitesperm3 n =2.54 indexof refraction

10 '12r4,_ = 5 X electro-optical coeff a = 10 ultrasonic amplitude in nanometers N = 200

Eom,, = 1 x 106 max electric field in V/m ct = 330 attenuation coefficient in 1/m P = 50

t = 5 x 10.3 max thickness in m Po= 40 rotation coefficient in degrees/mm
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2.6.3.4 BSO Photorefracfive Setup

2.6.3.4. l Experimental Setup (evolution of the BSO PRC interferometer)

The first BSO photorefractive interferometers built at IPST used a mirror with a

piezoelectric transducer attached to the back as a target sample. The mirror undergoes a

sinusoidal displacement at 1 MHz (the resonant frequency of the transducer). Sine waves at 1

MHz were chosen at the beginning because this frequency was theoretically in the middle of the

bandwidth of ultrasound generated by lasers on paper. The use of a mirror as a target sample

provided a high intensity planar wavefront for the signal beam which maximized the

photorefractive effect. This interferometer was labeled Version 0.1, and used an "X" shape setup

for interference between the two beams. The BSO crystal thickness was 5 mm.

PRI Version 0.2 still used a mirror and a 1 MHz piezoelectric transducer, but with a "V"

shape setup, crystal thickness was 5 mm.

PRI Version 0.3 continued to use the same mirror, but the optical head of the interferometer

employed was a cube beam splitter plus a quarter wave plate for the first time. PRI Version 0.3

used 2.25 mm and 5 mm crystals. PRI Version 0.4 was very similar to Version 0.1 except that it

used the 2.25 mm crystal which gave better results for ultrasound detection than the 5 mm one.

The orientation of polarization of the incident beams and the crystal were also different.

PRI Version 0.5 was the first one to detect ultrasound on a rough surface, thus with a

speckled wavefront for the signal beam. The signal beam was focused with a 20x microscope

objective on an aluminum plate with the piezoelectric transducer attached on the back of the
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plate. The optical head used a beam splitter and a quarter wave plate in addition to the

microscope objective.

PRI Version 1.0 was the first one to make measurements on paper, using a "T" (beam

splitter + quarter wave) setup, as shown in Figure 2.6.38. The angle between the reference beam

on the left side and the signal beam on the right side was 50 °, a value theoretically and

experimentally optimum for the photorefractive effect without any applied electric field.

Conehead transducer

Innova308....._,_. polarizing microscope .:
Detection ..........................?ik' beamsplitters objective 10X [

laser _ j _ _--q_4 i :i
X/2 plate ili i X/4 plate [ )

ii .,,, i map!r //_,,
%_,. ,_,:,_.,_,:,% i sample )

'""'"N_. i Bender
_,_, k/2 plateI transducer

"'%'%, I

_%_'-'%,__

[Scope _ .....'_-._

t BSO2.25mm ' i_:::_::::'_'!

' _,d'i'"'"'""_'::_,Ph°t°refractivecryst
............................... ] '/:/ I Po l':ar,iz er

RC high-pass filter, fcutoff = _ i _ lens22.2 kHz or Panametrics

40 dB _photodiodepreamp

Figure 2.6.38 Schematic of Photorefractive interferometer Version 1.0

For generating ultrasound on paper, two different contact transducers were used: a bender

transducer generating mainly So waves was excited at its resonance frequency of 57.8 kHz, and a
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"conehead" transducer generating at 57.2 kHz. The conehead transducer was in contact with

paper by the tip of the cone, which had a diameter of about 1.5 mm.

Figure 2.6.39 shows a picture of the Photorefractive Interferometer Version 1.0 using the

bender transducer. Figure 2.6.40 displays the close view of the optical head in the

interferometer. Figure 2.6.41 shows a combination of generation and detection signals captured

in the oscilloscope. Also, Figure 2.6.42 shows the setup of the Photorefractive Interferometer

Version 1.0 detecting ultrasound with the conehead transducer.

Figure 2.6.39 Photorefractive Interferometer version 1.0 detecting ultrasound on
copy paper with generation made with the bender transducer.



131
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Figure 2.6.40 PRI Version 1.0, view of the optical head.

Figure 2.6.41 Voltage sent to the piezoelectric element (trace 2) and signal
transmitted to the paper and detected by the interferometer (trace 1).
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Figure 2.6.42 Photorefractive Interferometer Version 1.0 detecting ultrasound on
copy paper (attached on a lens holder) with generation made with the "Conehead"
transducer.

PRI Version 1.0 was used to detect ultrasonic waves on copy paper, with a 1Ox microscope

objective instead of the 20x. Ultrasound was generated using the pulse Nd:YAG laser at 1064

nm with a 100 mm focal length spherical lens (point generation). Generation and detection of

ultrasound were performed on the same side of the sheet, and the generation laser was steered to

the sample using a mirror placed at 45 degrees. This setup made it easy to vary the distance

between the generation and detection spots in order to check the time-of-flight of ultrasonic

waves at different distances. The power of the detection laser was 140 mW.

Figure 2.6.43 shows the 1064 nm lens and the mirror used in the Version 1.0. Figure

2.6.44 displays the microscope objective for the detection beam. Also shown in Figure 2.6.45

are the signals obtained via the oscilloscope.
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Figure 2.6.43 Photorefractive Interferometer Version 1.0 detecting laser generated
ultrasound on copy paper (attached to a metallic frame), view of the 1064 nm lens
(bottom) and mirror (center).

Figure 2.6.44 Copy paper, view of the microscope objective (center bottom) for the
detection beam.
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Figure 2.6.45 Trigger signal (upper trace) and laser generated ultrasonic signal
(lower trace) on copy paper. Ultrasound signal starts at --3.5 divisions from the left side
of the screen. Signal is high pass filtered and averaged 16 times.

The signals in Figure 2.6.45 show a poor signal to noise ratio. This signal was obtained

with an RC high pass filter without amplification, and was averaged 16 times. In order to

improve the signal to noise ratio, a voltage was applied across the 2.25 mm BSO crystal and a

new detection setup (PRI Version 1.5) was assembled as shown in Figure 2.6.46.

For this interferometer (version 1.5) the angle between the signal beam and the pump beam

was decreased from 50 ° to 2-5 °, which is ideal when a voltage is applied to the BSO crystal. A

converging lens was placed in the path of the reference beam and had a focal length of 38 mm

and the focal point was just before the 45 ° incidence mirror.
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Figure 2.6.46 Schematic of Photorefractive Interferometer Version 1.5 using a BSO
crystal with a DC applied voltage.

The reference beam diverges after the focal point and needs to impinge across the crystal

from one electrode to another, in addition to overlapping the signal beam. This is necessary

because if the electrons are not set free by this beam there will be no photoconductivity and the

electric field will stay in the dark zone near the electrodes, eliminating its effect on the two-wave

mixing. The iris just in front of the photodiode has been added to filter out the parasitic light of

the generation pulse at 1064 nm directly scattered from the paper sample or collected by the

interferometer optical head. Figures 2.4.47, 2.4.48 and 2.4.49 show several views of Version

1.5.
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Figure 2.6.47 View of the PRI Version 1.5: Paper sample is on the left, photodiode
and crystal with high voltage leads are in the center back.

Figure 2.6.48 View of the 45° mirror (center), and of the crystal (white wires to the
left).



137

Figure 2.6.49 View of the BSO crystal with its electrodes on the sides (center).

With PRI Version 1.5, the signal to noise ratio became acceptable for laser-ultrasonics

measurements. Therefore, data was recorded on static paper samples as a reference database for

comparison with contact measurements.

2.6.3.4.2 Experimental setup for laser generation and laser detection on static paper grades

The experimental setup used for measurements on all paper samples was closely related to

PRI Version 1.5. To detect both the A0 and So waves, the incident beam and the collected beam

were placed at 40 ° incidence with respect to the normal to the paper surface. The detection beam

was focused on the paper. The power density was kept low to avoid burning the sample.
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Table 2.6.1 shows the incident power applied on the paper as a function of power measured

at the output of the laser. The power of the reference beam is also shown. However, the

collected power of the signal beam was below 1 mW, thus not measurable by the power meter.

Table 2.6.1 Incident power on paper and into the reference beam versus total output
power.

Outputpowerof Incidentpower Powerintothe
detection laser (mW) applied on the paper type of paper grades Reference beam

samples(mW) (mW)
105 24.5 Medium26-1b 67.8

33-1b linerboard,
42-1b linerboard,

120 28 69-1blinerboard, 77.7
sack,
tissue

140 32.5 90
150 34.8 rawstock 97

copy paper
170 39.4 newsprint,artpaper, 110

bleachboard

On static paper samples, the spot illuminated by the laser beam is stationary so the light

generates heat that must be dissipated to prevent burning. A portion of the incident beam is

neither absorbed nor reflected by the paper. It just passes through the fibers through the back

side of the sheet. This is especially true with low basis weight grades: copy paper, art paper,

newsprint, tissue, etc.

If the incident beam :ishighly focused or the power is too high, it will burn a hole through

the sample. The incident beam will then travel freely through the paper sample without creating

any reflection and thus the signal beam will disappear.

Figure 2.6.50 shows a schematic of the BSO PRC interferometer. In Figures 2.6.51-2.6.60,

a combination of pictures are shown to describe the experimental setup.
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Figure 2.6.50 General schematic of the experimental setup for the tests on paper
grades using BSO PRC interferometer.
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Figure 2.6.51 General view of the experimental setup for the tests on paper: The
detector is placed on left corner of table.

Figure 2.6.52 the table.
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Figure 2.6.53 View of the generation optics and PRI Version 1.5, sample: 42-1b
Linerboard.

Figure 2.6.54 View of the generation optics. From the left to the right' diode
alignment laser, mirror, focusing lens, and last mirror.
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Figure 2.6.55 View from above of the generation optics and paper sample (beam
comes in from right side).

...... !C_,.

.......... i

i{/".,_

Figure 2.6.56 View from behind the paper sample holder. Edge of the sample is
clamped into the brass frame, but the detection area is unsupported.
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Figure 2.6.57 View of the alignment spot for generation beam (red) and detection
beam (green).

Figure 2.6.58 Close view of generation lens (red stripe), last reflecting mirror at 45°,
and microscope objective of the detection beam.



144

Figure 2.6.59 Laser generated A0 wave on 42-1b Linerboard displayed with custom
data acquisition software.

Figure 2.6.60: Laser generated A0 wave on 42-1b Linerboard displayed on
oscilloscope.
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2.6.3.4.3 Time Domain Photorefractive Interferometer Results (J. Jong, IPST)

When laser ultrasonic detection is used in paper testing, signals are found to vary. This is

evident in the shapes of the waveforms collected when the same configuration is used at the

same detection point. The amplitude variance is obvious, however the time of wave arrival

remains almost constant.

Johnson (1996) showed that, unlike in metals, some statistical variation of the waveforms

in peak amplitudes and arrival time were present in paper. Using a correlation technique, he

found that the relative time delay measured at the same point was within 1% difference while the

delay became as large as 6% when measured at different detection points.

Figure 2.6.61 shows two examples of typical time signals obtained on copy paper using

the current BSO PRC setup (Version 1.5) with the two detection points 5 mm apart. The

presence of the zeroth order symmetric (So) mode wave is seen first. It is followed shortly

thereafter by the zeroth order antisymmetric (A0) mode wave. There may be a first order

antisymmetric mode (A_) present between the Soand A 0modes as studied by Schumacher et al.

(1993) in steel plate. However, this mode is ignored since it is difficult to identify due to low

amplitude and of less importance compared to the two fundamental modes.

The Somode is not expected to change its shape as it propagates in paper since it is

nondispersive at the frequencies present [Mann et al., 1980; Johnson, 1996]. However, Figure

2.6.61 shows that the shapes of the two S0modes vary. A possible reason for this is that the S0

mode may be affected by the non-uniform local characteristics of the paper at the detection point.

As for the A omode, it is dispersive and lasts over a longer time period. The slower components

of the A0 mode is expected to arrive later at the detection point.
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Figure 2.6.61 Typical signals collected with BSO PRC setup for static copy paper in
MD: Sampling rate is 50MHz and energy is 7.74mJ. A single shot was used for data
collection. The incidence of the detection laser beam is at 40°.

One remarkable achievement of the current signal detection setup using the non-contact

ultrasonic laser is the quality of the signals detected without any averaging involved. The signals

in Figure 2.6.61 were collected using a single shot and were found to be as good as the typical

signals obtained by the contact ultrasonic laser measurements (which are always averaged).
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Figure 2.6.62 Cross-correlation of the two So signals shown in Figure 2.6.61: This
figure shows that the cross-correlation of the two So waves can be found at the
maximum peak of 1.72 lis. This peak corresponds to the relative time delay between the
two So waves. The So velocity is calculated by dividing the time delay into the known
distance between the two detection points.

To determine the phase velocity of the Somode in MD of the copy paper, a cross-

correlation function of the two SOsignals is taken. Figure 2.6.62 shows the resulting cross-

correlation of the two SOsignals from Figure 2.6.61 with a separation distance of 5 mm. It

indicates that there exists a maximum peak at 1.72 ps. Since this peak exists at the relative time

delay between the two signals, the resulting Sovelocity can be found by dividing the time delay

into the known distance between the two detection points. It was found to be approximately

2910 m/s for this particular case. To be statistically valid, several trials are required and need to

be averaged. Also, the same result can be found for the SOmode phase velocity in the low

frequency region by using a cross-spectral density technique.
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Figure 2.6.63 Signals collected with BSO PRC setup for static copy paper in CD:
Sampling rate is 50MHz and energy is 6mJ. The signals were averaged 4 times.

To show the characteristics of the copy paper in CD, Figure 2.6.63 is plotted. Again, the

SOmode is present but its shape varies noticeably. The cross-correlation function of the two So

signals results in the phase velocity of 1957 m/s for this case.

The Somode velocity measurements in the low frequency region can be used to

determine elastic stiffness constants, C,, or C22 , in MD or CD respectively. The error associated

with this evaluation method is known to be less than 2% [Mann et al., 1980]. Other information

that can be obtained from the SOmode is another elastic constant, C33. Ideally, if the SOmode can

be measured accurately around the cut-off frequency, then C33can be determined independently.

Yet, as Johnson (1996) found, the nature of the narrow frequency bandwidth of the CSD

spectrum makes it difficult to estimate C33using this method. Further work should be pursued on

this matter.
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Figure 2.6.64 BSO PRC results on selected static paper samples by grammage in
MD' The distance between the source and detection point was maintained at 10 mm apart
and the sampling rate of 50 MHz was used throughout.
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Figure 2.6.64 shows typical examples of the waveforms in MD obtained on selected

static paper grades with the BSO photorefractive interferometer. The distance between the

source and detection point was maintained at 10 mm apart and a sampling rate of 50 MHz was

used throughout. The results from linerboard 33-1b were averaged 4 times, while the others were

single shot measurements. The figure shows that each paper sample tends to respond uniquely to

an ultrasonic source based on its stiffness properties. The figure also shows that the A0 mode can

easily be detected in the paper samples due to relatively large amplitudes. The amplitudes of the

SOmode waves are small relatively. In certain samples with higher grammage, such as

bleachboard and linerboard, the S Omodes were not detected. This suggests that a technique

using A 0mode analysis should be developed rigorously so that the analysis can be based on the

Ao mode waves.
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Figure 2.6.65 BSO PRC results on static 1-ply tissue paper in MD: The
measurement was taken using P=120 mW and E=l.09 mJ. A single shot was used for

the signal.
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Figure 2.6.65 shows the BSO PRC results on a static 1-ply tissue paper in MD. Since the

testing of tissue was not within the main scope of the project, only a handful of measurements

were taken out of curiosity. It is noteworthy that the measurements on tissue showed

encouraging results, although the response time was slower compared to other samples due to

very low basis weight. So far, contact techniques have not been able to produce reliable

measurements on tissue. Therefore, it shows a great potential that the current non-contact

technique may be implemented on tissue as well.

The technique used here for the A0mode analysis is based on the one originally suggested

by Sachse and Pao (1977). Later, Schumacher et al. (1993) applied it to Lamb waves. Since a

time-of-flight method is not appropriate to use for the evaluation of dispersive, broadband

transient waves, phase velocities are extracted from FFTs and unwrapped phase angles as a

function of frequency and distance between two detection points. First, the signal generated at

the same source location is recorded at two detection points along the wave path. Second, only

the region of the signal corresponding to the A0mode is selected and the rest is zero-padded.

Then, the signal is windowed using a rectangular window. Third, each signal is processed for

spectrum analysis and the FFT is plotted. Finally, the phase angle of the signal is unwrapped and

the difference of the two are directly related to the phase velocity of the A 0mode using the

following relationship'

-2rc. f .dc= , (3)
(AO + 2mzc)
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where c is the phase velocity of the A 0 mode (m/s), f is the frequency (Hz), d is the distance

between the two detection points (m),/10 is the difference in unwrapped phase angle for a given

frequency (radians), and m is an integer associated with a correction of the phase at lower

frequency.
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Figure 2.6.66 A0 mode analysis of the signals shown in Figure 2.6.63 on static copy

paper in CD' The figure showing the portion of the wave not corresponding to the A0

mode is zero-padded. Then, a rectangular window is superposed onto the signal. The

FFT of the signal is computed and the unwrapped phase angle is extracted.
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Figure 2.6.66 shows the combination of the steps involved in the technique for evaluating

the A0mode wave for d = 10 mm and 20 mm, respectively. For each case, the zero-padded A0

waveform is windowed and processed to compute the FFT spectrum. The unwrapped phase

angle is determined. The FFTs of the two signals indicate that the signal energy exists only in

the low frequency regions below 0.3 MHz. This trend is consistent throughout the experiments.

On the other hand, the results given by Johnson (1996) on static copy paper showed that the

energy was still present up to 1 MHz. The reason for not being able to detect higher frequency

A0 component with the current PRC configuration was unclear. Nevertheless, it is not necessary

to have the higher frequency A 0component present to determine the paper stiffness, since the

values of the stiffness constants can be evaluated using the low frequency information only.

More immediate concern comes from what value of the integer m should be used to

correct the phase angle at the very low frequency region where the signal energy is low. As the

phase unwrapping is performed from low to higher frequencies, the accuracy of the phase at a

given frequency depends on that of the phase at lower frequencies, where discontinuities exist.

A small error in phase angle at very low frequency may accumulate and result in a significant

difference at higher frequencies.

Figure 2.6.67 shows a comparison between a theoretical Aodispersion curve and the

results with corrected phase angles. The phase velocity determined without a correction tends to

show a somewhat higher prediction in the low frequency region below 0.1 MHz, while the one

corrected with -2rr seems to match with the theoretical curve. Comparison with other paper

samples showed that good prediction seems to come with a correction of-2re or -4re.

Nevertheless, further analysis is required to determine the accuracy of the correction term m for

the A0mode analysis.
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Figure 2.6.67 Comparison of the Ao mode velocities between a theoretical dispersion
curve and the velocities with corrected phase angles on static copy paper.

2.6.3.4.4 Improvement of experimental setup on static paper, second round of measurements
with 2 paper grades

Most of the measurements on samples were made using a strong ablation mode for

generation (around 3-17 mJ/pulse over a spot of '_ 100 gm diameter) to obtain high amplitude

signals. This was not appropriate for two reasons' first, the strong ablation mode damages the

paper; second, the strength of the acoustic source varies significantly with the number of shots

consecutively made at the same spot. Therefore, for the new interferometer, efforts were made

in two directions' reducing the damage to paper by decreasing the power density of the

generation beam, and increasing the interferometer sensitivity.
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The schematic of the improved version of the photorefractive interferometer (Version 1.6)

is shown in Figure 2.6.68.

Cylindrical
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Figure 2.6.68 Schematic of photorefractive interferometer Version 1.6 (line
detection).

The cylindrical lens close to the paper sample focuses the circular beam into a line along

the vertical direction. The focal length is 48.9 mm at 5 I4 nm and the diameter of the lens is 25.4

mm. It should be noted that this specific lens was intended for use with 1064 nm so was not

properly anti-reflection coated for 514 nm, and thus a significant amount of the power was lost.

The focused detection spot was a vertical line 2 mm long and 0.5 mm wide. Using this

configuration, the interferometer was sensitive to ultrasonic waves propagating in the horizontal

direction (i.e., perpendicular to the detection line). This configuration (line detection) presents a
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significant advantage over point detection since the total amount of power impinging on the

paper can be increased without burning it.

This is especially interesting for the linerboard sample in which the damage threshold and

the collected power are very low, resulting in a poor signal to noise ratio. The incoming

polarization on the paper was linear horizontal as opposed to circular as in previous

interferometers. It was found that the rough surface of paper was depolarizing the back-scattered

light. Therefore, a quarter wave plate before the focusing lens was not necessary since the

polarizing cube beamsplitter selected only the vertically polarized speckles before sending them

to the crystal as a signal beam. Figure 2.6.69 shows a picture of Version 1.6.

Figure 2.6.69 General view of photorefractive interferometer Version 1.6.
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Figure 2.6.70 View from the side of photorefractive interferometer Version 1.6.
PRC is the object with the white wires attached to it in the center. The photodiode is to
the left, and the sample is bottom right.

As the same cylindrical lens is used to focus and collect the beam, the spot collected by the

lens is a line. This line needs to be refocused to a circle by another cylindrical lens (Figure

2.6.70) onto the surface of the photorefractive BSO crystal. This enhances the interference with

the reference beam.

Since the phase information (thus the ultrasonic displacements) is written by the

photorefractive effect on the signal beam after it passes through the crystal, the signal beam can

go directly to the photodiode without a polarizer filtering out the reference beam. Therefore, the

polarizing cube beamsplitter after the crystal was removed from this setup in comparison to the

PRI Version 1.5.
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Figure 2.6.71 View of polarizing beamsplitter (bottom) and refocusing large
cylindrical lens (just above the beamsplitter).

So far, a comparison between PRI Versions 1.5 and 1.6 under the same conditions has not

been made, but it seems that the sensitivity is significantly better for PRI Version 1.6. Figure

2.6.72 shows a schematic of Version 1.6 with an updated set of generation optics.
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Figure 2.6.72 Schematic of the improved detection and generation systems with PRI
Version 1.6.

The generation optics were also changed to generate ultrasound with a line. The advantage

is that the attenuation of the amplitude occurs only due to the viscoelastic behavior of paper not

due to geometrical circular spreading. This is important for the measurements taken at relatively

long generation/detection distances (> 20 mm). Also, another advantage is that it is possible to

generate roughly the same amplitude of displacements by putting slightly more energy per pulse

without burning the sample, because the laser spot is spread out over a much larger surface (a

line instead of a point). Figure 2.6.73 shows a picture of Version 1.6 with a new sample holder.

Figure 2.6.74 shows a close-up view of the improved generation optics.



160

Figure 2.6.73 View of the improved detection and generation systems with PRI
Version 1.6 and new paper sample holder.

Figure 2.6.74 Close view of the 'unproved generation optics.
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The new generation optics include:

· One additional diverging spherical lens with short focal length, to expand the 1064 nm laser

beam;

· Two additional converging spherical lens, each with a focal length of 100 mm to compensate

for divergence;

· One additional converging cylindrical lens, focal length of 100.5 mm, focusing the beam into

a vertical line;

· One mirror at 45 ° incidence to direct the beam onto the paper.

In Version 1.6, the generation beam is still normal to the paper surface. The dimension of

the generation spot was 11 mm long x 0.5 mm large.

2.6.3.4.5 Results of the improved setup

2.6.3.4.5.1 Resultson 42-IbLinerboard

Further measurements were obtained for laser generated waves travelling along the cross

direction (CD) of the sample. They are presented as a function of distance between the

generation and the detection points. The dispersive nature of the A0 wave is clearly visible.

Because of the saturation of the photodiode by the generation laser pulse, the So wave is

disguised in the initial noise.

All data presented in Figure 2.6.75 are single shot measurements. Even at relatively long

distance between the generation and the detection points (d = 40 mm), the A 0waveform remains

visible on 42-1b linerboard.
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Figure 2.6.75 Laser generated ultrasound on 421b linerboard, using improved
setup. All graphs are single shot measurements.

2.6.3.4.5.2 Resultson CopyPaper

Measurements were obtained for laser generated waves travelling along the cross direction

(CD) and machine direction (MD) on copy paper. Again, some examples are presented as a

function of distance between the generation and the detection points.

All the data presented in Figure 2.6.76 are single shot measurements along CD. The So

waveforms are visible but have small amplitudes compared to the Ao waveforms. The dispersive

nature of the A0 wave is evident.



163

2.5 1.5

2

0.5 ._.

g o _ ............_ _._._.4..--. >_

- ':'_/_,_:Vo740-::0_;:o:'.:4:_ '" ...._o'-:?x?'-'>.o.,,.,.oo.oo .,,Oo.,vty o:o
-2 -1

-2.5

Time(l_s) -1.5

Time (iLs)

15mm,CD 20mm,CD

1.5 1

1 0.5

o_III_A__A __/____
0 .

-1 -1

-1.5 -1.5

Time(iLs) Time(l_s)

30mm,CD 40mm,CD

Figure 2.6.76 Laser generated ultrasound on copy paper, along CD, using improved
setup. All measurements are single shot.

In Figure 2.6.76, the generation pulse had the same energy level of 40.2 mJ. The So

waveform is more clearly visible at longer generation-detection distances because the saturation

of the photodiode by the generation pulse is not as strong. There is less 1064 nm parasitic light

collected by the detection optics when the two spots are further apart and the arrival time of the

So wave is starting to come out of the saturation zone of the first 10 gs.

Figure 2.6.77 shows the results on copy paper along MD. The waveforms traveling along

machine direction are very similar in shape to those obtained along cross direction. The time of

flight is of course different because the elastic constants are different between machine direction
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and cross direction. Indeed, the arrival of both So and A0 waves in machine direction is earlier

than in CD.
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Figure 2.6.77 Single shot laser generated ultrasound on copy paper, along MD,
using improved setup.

2.6.3.5 GaAs Photorefractive Setup

At the beginning of Phase II, generation and detection of ultrasound will be investigated on

paper using a new photorefractive interferometer which will be developed in-house at IPSTo The

new interferometer will use a two-wave mixing technique with a GaAs crystal, which is known

to be photorefractivc in the infrared range. A continuous 600 mW Nd:YAG laser (1064 nm
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wavelength) will be used as a detection laser. AC or DC electric fields will be applied to the

sides of the crystal to increase gain.

There are a number of reasons to investigate this type of interferometer. First, from a

wavelength point of view, paper tends to have a larger reflectivity at 1064 nm than at 532 or 514

nm, as described in Sections 2.2 and 2.6.8. Second, it is interesting to implement fiber optics on

the interferometer because of easy beam control. Fiber optics in the near infrared are readily

available on the market and inexpensive compared to those in the visible since the fiber-optic

telecommunication industry uses near-infrared diodes and this has led to a significant product

development in this area. Third, under laboratory conditions, the sensitivity to displacements of

two-wave mixing using crystals with an applied electric field is better than the one obtained with

the photo-EMF effect. This is probably tree on static or slow moving paper but remains to be

shown at higher speeds

Differential amplifier:

Signal _ / DetectionLaser:x_ fi, Twin Photodiodes I_ed Nd:YAG

Th Polarizing '__ t. omfi,sass1064nm

//zr ionplate

lens- k _ /,,./
,- Photorefractive .J_/ _ _.

Reference
] crystal: CraAs or other. _'_ X/2plate
"IRcl_stal ........ lens__ _ /
! ..... _ -_ /Polarizing

A/D Bolard: Polafizer_ _. t:emmspli_erGage Compuscope

265 256KB Signal ly2m _,-. /-'>Focusing optics: sphericalor
Focusing optics: sphericalor_ / cylindricallens

cylindricallens ..._x /_._._cidentbeam

Paper sheet

Figure 2.6.78 "V" setup for single-point Photorefractive Interferometer.
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The experimental setup that we plan to use is shown schematically in Figure 2.6.78. Two

photodiodes, a second polarizing beam splitter and a retardation plate are intended for quadrature

detection. Since there is no optical activity (rotation of the plane of polarization with distance) in

GaAs, a quadratic detection system will be more sensitive to displacements with this crystal than

with a single photodiode.

2.6.4 Frequency Domain Photorefractive Imaging Interferometer Measurements (V. A.
Deason, K. L. Telschow, S. M. Watson, and R. S. Schley, INEEL)

2.6.4.1 Imaging vs. Point Measurement

The paper industry has for several years utilized ultrasonic testing to evaluate the orientation

and mechanical properties of paper off-line. The usual method involves measurement of sound

speed between two contacting points on the paper and at numerous angles, providing data for one

angular direction at a time. This information can be compiled to portray the mechanical

properties in all directions.

In contrast, the INEEL has developed new technology that provides an image of the

ultrasonic motion in the paper simultaneously :inall directions over a significant area of paper.

The data are optically (as opposed to computationally) processed so as to present a video image

of the paper with the ultrasonic wavefronts superimposed on the image. The shape and

distribution of the acoustic wavefronts provide information about sound speed and material

properties in all directions along the paper simultaneously, thus displaying in a single image such

properties as anisotropy, orientation and local inhomogeneities. At the present time, the response

time of the system is inadequate for on-line use in paper manufacturing, but several new

developments are expected to greatly improve the response time of the system and the system's

immunity to general vibration noise. During the first program year, this task has applied this
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new technology to the measurement of non-moving paper elastic properties and demonstrated its

imaging qualitative and quantitative capabilities.

2, 6.4.2 INEEL Imaging Ultrasonic Camera

The INEEL has developed an imaging ultrasonic camera (referred to as the "INEEL camera"

in the following discussion, patent pending, Hale and Telschow, 1996; Hale, et al., 1997;

Telschow, et al., 1997; Telschow and Deason, 1998; Telschow, et al., 1998). The INEEL camera

utilizes optical nonlinear processes in photorefractive materials (PRM) to record optical

interferometric information about the state of vibration of the paper, and to extract from this

information about the out-of-plane displacements due to vibrations of a surface. This is done in

an imaging mode at high rates, so real time video images of the distribution of acoustic waves on

the surface can be recorded. Unlike other types of interferometers, where the two interfering

waves mix at the detector, this step occurs, in the INEEL camera, in the PRM where one can take

advantage of the properties of photorefractivity to perform preprocessing of the data. This

approach configures a type of optical analog computer to demodulate and present the ultrasonic

motion in the paper.

In operation, the paper is illuminated with a laser beam that has been diverged to cover the

area of interest. As the acoustic wave moves through the paper, it causes any given point on the

surface to be displaced vertically by a small amount (typically on the order of nanometers or

less). This displacement causes the phase of the reflected laser beam to be altered by an

equivalent amount. It is this change in phase that is detected by the INEEL camera. The

reflected light, usually called the object beam, is collected and focussed by a lens into the PRM,

where it mixes with a second, mutually coherent reference beam, and interferes to create a
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recorded hologram of the object. The camera operates in what is usually called the non-linear

two wave mixing mode (it can also operate in the alternative four wave mode), in which the

reference beam reconstructs the hologram. If this were the end of the story, we would simply be

slightly amplifying the object beam by adding to it the reconstructed object beam from the

hologram. This is the well known non-linear amplification effect. However, in the INEEL

camera, the reference beam has been phase modulated at a rate very close to but different from

the frequency of the acoustic wave in the paper. The physical effect of this is to cause the

holographic interference pattern in the PRM to move at a speed related to the frequency

difference between the object and reference wave modulation rates. Since the PRM has an

intrinsic response time, and holograms are both written and erased at approximately this rate, the

offset frequency must be chosen so that the details of the hologram do not move so rapidly that

the PRM cannot record the change. This whole process is sometimes called dynamic

photorefractive holography.

The final effect is that paper vibrations at the chosen frequency contribute to the strength of

the hologram and to the reconstructed wave, while others do not. Thus, the intensity (brightness)

of the reconstructed holographic image of the paper is everywhere related to the amplitude of

vibration of the corresponding point on the paper at the chosen frequency. This means that a

video camera (or even the human eye) viewing the paper through the PRM will see a large fixed

background image and a superimposed weak image that varies in intensity as the paper vibrates.

These are sometimes referred to as the DC and AC components of the optical signal,

respectively, in analogy to electrical signals. The frequency of the AC component is not at the

original ultrasonic frequency but has been demodulated by mixing with the reference beam

which has been independently modulated at a slightly different frequency. To have useful data,
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the DC and AC components must be separated. This is done in two wave mixing in a bismuth

silicon oxide (BSO) PRM by taking advantage of the optical activity of BSO which causes the

DC and AC components to have differing polarizations. Several other methods to further

improve the quality of the data are under development.

Since the hologram cannot be refreshed faster than the response time of the PRM, any

changes in the object wave whose frequency is significantly faster than this will not be recorded,

while changes slower than the response time will be automatically compensated for. This

provides one of the main advantages of the INEEL camera: the potential for immunity to large

but slow (by ultrasonic standards) vibrations caused by other equipment or activity in the

environment. Investigation is underway to incorporate this environmental adaptation capability

into the camera operation.

When thin sheet materials are ultrasonically excited, there are potentially several ultrasonic

modes of vibration excited. In particular, symmetric (So) and antisymmetric (A0) modes will

usually be generated. The velocity of the So mode is faster than that of the A0, and its amplitude

is usually smaller. It has been traditional with ultrasonic methods to measure the Somode

because it is non-dispersive, providing simple determination of the elastic properties of the

paper. However, pulsed laser excitation of ultrasound generates a broadband signal highly

susceptible to dispersion effects' this can broaden the signals, and reduce the accuracy of the

data. In contrast with continuous excitation as used in the INEEL imaging approach, the A 0

mode can be utilized because it is larger and slower, and therefore easier to detect, and also

dispersion is no longer a difficulty. The usual experimental setup is shown in Figure 2.6.79.
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Figure 2.6.79 Schematic of the INEEL Photorefractive Ultrasonic Camera.

The IPST team has provided the INEEL with a number of well characterized paper samples.

The properties of these samples were determined using methods established within the paper

industry at the IPST. At the INEEL, these samples were tested using the imaging laser

ultrasound system, whereby the sound speed (wavelength) in all directions of the antisymmetric

(A0) wave could be determined. The paper samples were vertically supported in an 18 cm

diameter aluminum ring. Ultrasonic travelling waves were excited near the center by a point

contacting piezoelectric transducer. Images of the travelling wave pattern were acquired by

either an analog or digital video camera and transferred to computer disk for analysis. Analysis

involved determination of the major and minor diameters of the traveling wave front and its

angle relative to machine direction. Use of 2 dimensional FFT on the wavefront pattern provided

an easy and useful method for analyzing the entire pattern at once. The concentric wavefront

pattern of the travelling waves transforms into a single ring in the spatial frequency domain. The
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major and minor diameter of this ring and its orientation provide a measure of the

relevant wavelength and asymmetry in the travelling wavefront.

Measurements were taken on IPST RSK59 and LNR42 samples with an analog video

camera and 8 bit video digitizer. IPST provided physical properties and all but two of the

anisotropic elastic constant matrix values for these paper samples. The remaining two

were estimated using data for comparable materials. These values are shown in Figure

2.6.80.

RSK59 (data from IPST) LNR42(data fromIPST)
Density - 0.818 g/cm 3 Density - 0.742 g/cm 3
Thickness= 110gm Thickness=288 gm

Cmatrix(GPa) Cmatrix(GPa)

9.85 1.77 0.10 0.00 0.00 0.00 10.3 1.82 0.10 0.00 0.00 0.00

1.77 4.95 0.15 0.00 0.00 0.00 1.82 3.70 0.15 0.00 0.00 0.00

0.10 0.15 0.14 0.00 0.00 0.00 0.10 0.15 0.10 0.00 0.00 0.00

0.00 0.00 0.00 0.20 0.00 0.00 0.00 0.00 0.00 0.14 0.00 0.00

0.00 0.00 0.00 0.00 0.21 0.00 0.00 0.00 0.00 0.00 0.16 0.00

0.00 0.00 0.00 0.00 0.00 2.53 0.00 0.00 0.00 0.00 0.00 2.23

Note: C_3,C23 approximated Note: C13, C23 approximated

CS0(MD) = 3.46 mm/ps CS0(MD) = 3.71 mm/ps
CS0(CD) = 2.42 mm/ps CS0(CD) = 2.16 mm/ps

Figure 2.6.80 Elastic constants used for calculating the plate wave modes in
selected papers. Data and samples provided by the IPST.

Using these values, and appropriate plate mode theory (Habeger, et al., 1979), the

speed of the A0 and So modes as a function of frequency was computed for both machine

and cross direction (MD and CD). The results for a 112 rim thick RSK59 paper sample

in both the MD & CD is shown in Figure 2.6.81. Note the predicted dispersion of the A0
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mode due to freouency dependent sound speed. For the INEEL method, this is

unimportant as operation is at a single frequency. The imaging method is thus able to

take advantage of the larger amplitude and lower sound speed of the A0 mode. Figures

2.6.82a and 2.6.82b show the predicted wavelengths of the A0 and So modes for the MD

and CD. Figures 2.6.83a & 2.6.84a shows an image taken with the 1NEEL Camera of thc

ultrasonic wavefronts at 40 and 100 kHz, respectively. Note that the ultrasonic

wavefronts are clearly shown in all directions at once over an 80 x 80 mm region. Each

is a single flame of camera data: no averaging has been done.

Figures 2.6.83b and 2.6.84b show the corresponding two dimensional magnitudes of

the two dimensional Fourier transform, obtained using the Fast Fourier Transform (FFT).
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Figure 2.6.81 Calculated So and A0 mode velocities for paper sample RSK59
:in the cross and machine directions.
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Figure 2.6.82a Calculated So and Ao mode wavelengths for paper sample
RSK59, machine direction.
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Figure 2.6.82b' Calculated So and Ao mode wavelengths for paper sample
RSK59, cross direction.
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Figure 2.6.83a INEEL Camera image of ultrasonic waves in paper sample RSK59 at
40 kHz, machine direction is vertical.
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Figure 2.6.83 b Magnitude of the Fourier transform of Figure 2.6.83a showing the
MD direction.
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Figure 2.6.84a INEEL Camera image of ultrasonic waves in paper sample RSK59 at
100 kHz.
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Figure 2.6.84 b Magnitude of the Fourier transform of Figure 2.6.84a showing the
MD direction to be oriented approximately +5 degrees with respect to the vertical.

This FFT processing step utilizes all of the information in the image to extract wavelength

data. It can be shown that the Fourier transform of a single outward traveling wave is a single

ring in the transform domain that shows explicitly the wavelength anisotropy in all directions
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along the paper simultaneously. The somewhat elliptical form near the center of this figure

shows the average wavelength in all directions, the orientation (tilt), and the MD/CD sound

speed asymmetry (major and minor axis). This single figure contains all of the data normally

obtained by performing multiple measurements at many angles around the paper and plotting the

results in polar form.

Figures 2.6.85a and 2.6.85b show the ultrasonic A0 mode wavelengths obtained from the

FFT image data for RSK59 and LNR42 paper types respectively. Results from the calculations

for these paper types using the elastic data provided independently by the IPST are shown also.

Very good agreement is evident, which illustrates the quantitative capability of the imaging

ultrasonic method.
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Figure 2.6.85a Comparison of calculated and experimental wavelength data for
sample RSK59 in MD and CD directions.
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mdcdplot.m Inr42xx-smdcd.mat
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Figure 2.6.85 b Comparison of calculated and experimental wavelength data for

samples LNR42 in MD and CD directions.

2.6,4,3 So& AoMD/CD VelocityRatioDetermination

It has been traditional to use the So modes for determination of certain paper properties due to

the non dispersive nature of this mode. For the So mode in a plate of thickness h, the wavevector

_so
is kso - 2zr, for ksoh << 1 _ h << the phase velocity is given by

Aso 2;r

q, _c,_3/I F _ q q

C_o-k_o-s_° _ ,oYc"1 --Co = L As° f j (1)

However, it can be shown that the Ao mode can be used also. For the Ao mode in a plate of

2zr /1A
thickness h, the wavevector is kso - , for kAoh<< 1 _ h << 9 the phase velocity is

gAO 27r

given by
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CAO CO_ fAAO kAoh C1 -- C2¢33_ 1 kA°hC° 2rchC° (2)
- _o _ 4_ 7 -_= &o_

2zchCo
with the consequence that the wavelength gAO- ands45

g2o - C° (2_l= Aso(2:rh) 2 (2rcfi_)7 4_ 4_ o_C_o--_ Cso (3)

Therefore, the square of the MD/CD ratio for the A0 mode can yield the same information

c_
Cll - /YC3 3about as the MD/CD ratio for the So

P

Cso(MD) C2o(MD) /%Ao
= ,forh << (4)

Cso(CD ) C2o(CD) 2re
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Figure 2.6.86 Calculated ratios of MD to CD velocities for Ao and So modes in
sample RSK 50.
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Figure 2.6.86 shows the predicted So mode and Ao mode MC/CD velocity ratios as a

function of frequency. The So mode ratio is approximately constant at low frequencies

which is why this mode is preferred for characterization of the paper stiffness. Howevcr,

the A0 mode ratio is only slightly dependent on frequency and can also be used for

characterization if the frequency is well defined. Figure 2.6.87 shows the predicted and

measured Ao mode velocity ratio. Good agreement is seen for the characterization of this

paper sample.
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Figure 2.6.87 Comparison of calculated and experimental ratio of the MD to

CD velocity of the A0 mode at low frequency (the So ratio is shown for

comparison).

Figure 2.6.88 shows the predicted and experimentally measured values for thc

corresponding values for the So mode ratio and the square of the Ao mode ratio obtained

in RSK59 paper. Generally good agreement is seen for all the photorefractive in'raging

measurements with a deviation systematically appearing at the higher frequencies, as
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predicted. The calculated values show the amount of deviation between the two ratios to

be expected as a function of frequency and indicate that the two ratios agree to within

about 4% for frequencies up to 150 kHz.
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Figure 2.6.88 Calculated and experimental ratios of MD to CD velocity
compared for Ao and So modes.

2. 6.4,4 Frequency Domain Photorefractive Imaging Interferometer
Measurements (Summary)

The INEEL photorefractive imaging ultrasound approach offers a powerful new

method for performing non-contact measurements of elastic waves in paper. The imaging

approach offers an obvious improvement in measurement speed and ease over the point

measurement methods. Data have been provided that show the imaging method is

sensitive and quantitative, yielding the complete A 0mode wave speed anisotropy and

paper orientation in one quickly obtained image form a CCD camera. However, this

technology is not yet ready for on-line implementation. Several deficiencies concerning

adaptation to the moving paper web, including sensitivity, wave excitation, speed of
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response and adaptation to speckle noise, are yet to be resolved during future years of this

research program. However, if successful, this effort will result in a unique and useful

diagnostic technique for on-line process control for the paper industry.
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2.6.5 Photo-induced EMF Interferometer (E. Lafond, IPST)

2.6.5. 1 Experimental Setup

2.6.5.1.1 Operating principle, basics of the Photo-EMF interferometer

The photoinduced-EMF interferometer is also a photorefractive interferometer but it is

quite different from the BSO photorefractive interferometer. It is designed to detect out-of-plane

displacements of a surface. Under certain specific conditions, it can also detect in-plane

displacements with a much smaller signal to noise ratio than for the out-of-plane configuration.

In the following, the in-plane configuration is not detailed since the signal to noise ratio

happened to be too poor for measurements on moving paper. Instead we will focus on the out-

of-plane configuration. The core of the detection system on loan from Lasson Technologies that

has been tested and improved with the IPST generation and acquisition system and IPST web

simulator is the GaAs:Cr detector itself. In this system, the GaAs:Cr photorefractive crystal is

used both as:

· a photoconductive beam mixer since it is a photorefractive crystal;

,, a photodiode because of the current generated between the electrodes placed on its surface

due to ultrasonic signals.

The amplitude of the detected signal is directly proportional to the power collected in the

signal beam. So the amplitude of the signal is also proportional to the output power of the

detection laser, in addition to the ultrasonic signal. The detection laser was an Ar:ion laser of

which the wavelength was 514.5 nm and the maximum output power was 1.33 W.

The frequency bandwidth of the Lasson system itself was DC to 2 MHz (at -3 dB). When

the current generated by the detector was too small it was amplified with a Panametrics
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ultrasonic preamplifier (+39.2 dB). The bandwidth of the amplifier was 13 kHz to 6 MHz (at -3

dB). The version of the Lasson detector used for the trials was not optimized for the speckles

coming from paper. The bandwidth will be adapted in the future by changing the electronic

filters inside the detector box (both high pass and low pass filters). Figure 2.6.89 shows the

frequency response of the Panametrics preamplifier used in the setup.
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Figure 2.6.89 Frequency response of the preamplifier used for signals of small
amplitude.

An improved bandwidth range would be from 20 kHz to 5 MHz. The detection system

incorporating this frequency range is planned to be built and tested during Phase II.

In all experiments that were done with this interferometer, the optical system was forming

an image of the spot on the paper illuminated by the detection laser onto the surface of the

photorefractive crystal. The image of the spot was between the two vertical electrodes and the

maximum current generated (thus the maximum signal to noise ratio) was obtained when the

image covered the smallest percent of the crystal's surface (see Figure 2.6.90).
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Figure 2.6.90 Photoinduced-EMF interferometer with web simulator shown at 45°
incidence°

The front focusing lens for the incoming beam was used also as a collecting lens for the

signal beam ("T" type measurement head) and its focal length was 100 mm. This means that

when the paper surface was not in the focal plane of the focusing/collecting lens, the image on

the detector was unfocused resulting in a loss of sensitivity of the interferometer. This was

indeed observed at speeds over 2 m/s with the original configuration of the web simulator.

During moving paper measurements, the wobbling of the web simulator increased

significantly with the rotation speed and caused the surface to shift both in the direction of the

beam and perpendicularly to it for at least several mm. The original configuration of the web

simulator was thus introducing some artificial fluttering whose frequencies were well above the
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tens of hertz encountered on a real paper web. The second configuration almost completely

eliminated this artificial fluttering and the rotating drum and paper sample stayed in the same

position relative to the front lens even up to 25 m/s.

The photorefractive properties of the crystal insure that the interferometer adapts to the

changing speckle pattern of the paper surface. But as with any photorefractive or Fabry-P_rot

interferometer, the signal decreases with the speed at which the speckle pattern changes. Thus as

the web surface speed increased, the signal strength decreased.

2.6.5.1.2 Noise in the system

Fluttering caused a defocusing of the signal beam onto the GaAs:Cr detector thus resulting

in a decrease of the signal (not in an increase of the noise itself in reality). The influence of

fluttering can be taken care of if we use a different optical system for light collection on the

signal beam.

On this setup (photoinduced-emf interferometer + web simulator + A/D board), the noise

can be seen as coming from 4 different sources.

The first source is the speckle noise (or texture noise) caused by the rough surface of paper.

This noise comes from the coherent nature of laser light reflected from the material's surface,

interfering constructively and destructively along certain directions (speckles) in an almost

random way. It is also called "pseudo signal" in the area of interferometric detection on moving

parts. The higher the speed of the paper, the higher are the frequencies found in the spectrum of

the pseudo signal. Above 10 m/s on paper, the highest frequencies are in the 1 MHz range.

Texture noise is typically broadband.
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The second source comes from the feedback of the light back-scattered by the paper

surface into the cavity of the detection laser. As opposed to metallic materials, paper webs

behave as depolarizing surfaces. Even with a cube beam-splitter placed just before the focusing

and collecting lens, part of the light reflected off the paper comes back along the optical path into

the laser cavity. Laser cavities are sensitive to speckles coming back into their amplifying

medium and it results in fluctuations of the laser output power, thus in fluctuations of the

amplitude of the photo-EMF signal. This noise has a spectrum that is made of narrow peaks - it

is not broadband at all.

The third source is the electronic noise from the Lasson GaAs:Cr detector since the current

generated by the photo-EMF effect is very small (in the nano-amp range) and has to be amplified

before being converted into an output voltage. The electronic noise comes from the built-in

amplifier for the detector. The electronic noise coming from the Panametrics preamplifier that is

used when the signal of the detector is very small is negligible compared to other noise sources.

The frequency spectrum of the electronic noise should be broadband.

The fourth (and unexpected) source of noise comes from the A/D board in the computer.

By comparing the ultrasonic signals displayed on the computer (thus coming from the A/D

board) and on the oscilloscope, we found that the A/D board was much more noisy that the

oscilloscope. The spectrum of this noise is in the MHz range and is a problem that needs to be

addressed in the future on the industrial prototype. It may come from this A/D board

specifically.
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Figure 2.6.91 Frequency domain noise spectra of the photoinduced-EMF on
bleachboard using the Photo EMF at different web speeds.

Figure 2.6.91 shows typical noise spectra in the frequency domain obtained on a moving

bleachboard using the photo-EMF detector. Figure a shows the amplitude and frequency of the



188

noise without any signal present. Figure b was obtained with an ultrasonic signal artificially

generated at 1 MHz in a CW sine wave mode using a calibrating piezoelectric transducer. Two

harmonics of the 1 MHz wave can be seen in Figure b. It is evident from the graph that the noise

peak shifts towards higher frequencies as the web speed increases from 1 m/s to 14 m/s. For

each noise spectrum, there are several small peaks that exist and this indicates a number of minor

sources of noise. Most likely, the big peaks at 7 and 9 MHz in the 1 m/s curve are either coming

from the perturbation of the detection laser cavity by back-scattered light or from the A/D board.

The noise does not increase with the web speed. Instead the amplitude of the signal

decreases thus the signal to noise ratio decreases as function of the increasing web speed, which

is what is expected. This is a normal photorefractive phenomena since the faster the web goes

the faster the speckle pattern changes and the less the crystal has time to adapt to the changing

wavefront.

2.6.5.1.3 Configurations for the experiments

Three different configurations for detection on moving paper and one for detection on static

paper were used. Static paper measurements were done first to prove the concept of a photo-

EMF interferometer on paper. A circular spot was used for the generation at 1064 nm

wavelength, and a circular spot for detection. On the optical head of the interferometer, a second

lens was added in front of the focusing/collecting lens (see Figure 2.6.90).

This second lens had the same diameter as the focusing/collecting lens but the resulting

focal length of the two lenses was 50 mm instead of 100 mm. This increased the dtendue of the

interferometer but reduced the depth of focus. Thus it was in fact not really suitable for moving

paper (defocusing of the image of the paper surface on the GaAs'Cr detector) and we removed it
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after tests on static paper were done. Below are displayed some photos of the experiments with

the photoinduced-EMF interferometer on static paper (Figures 2.6.92-94).

Figure 2.6.92 General view of the photo-EMF interferometer for measurements on
static paper (optics in the lower right corner are not part of this setup).

Figure 2.6.93 Close view of the optical head of the photo-EMF interferometer for
measurements on static paper.



190

Figure 2.6.94 View of the generation optics (red tags) and paper sample holder for
measurements on static paper (sample shown is copy paper).

After completing the proof-of-concept measurements on static paper, measurements were

performed on moving paper. Because the paper was moving, the power of the detection laser

was able to be increased significantly because the impinged spot was constantly moving so it

could not bum the paper.

In Table 2.6.2 is presented a comparison among the different configurations we used for

the trials on moving paper.

Figure 2.6.95-97 were taken of the setup used on July 9 & 10, 1998, with the configuration

#t of the web simulator.
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Table 2.6.2 Summary of the different experimental configurations used for tests on
moving paper.

Date Generation spot Paper grade Meas. Web simulator
and detection investigated along used for the

incidenceangle trials
Point Copy paper, CD Configuration

July9 & 10,1998 or 42-1blinerboard #1
0.5 x 2 mm line, Bleachboard
0° (normal inc.) Raw stock

Copy paper CD ConfigUration
August 13 & 14, 1998 0.5 x 11 mm line 42-1blinerboard #1

45° Bleachboard

Copy paper CD Configuration
August 21, 1998 0.5 x 12mm line 42-1blinerboard #2i

45 °

Copy paper MD Configuration
August 24 & 25, 1998 0.5 x 14mm line 42-1blinerboard #2

45° Bleachboard

Figure 2.6.95 View of the detection system and web simulator for on-line detection
of laser generated ultrasound on paper.
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Figure 2.6.96 Detection optical head, running web simulator and 45 o mirror in the
generation system.

Figure 2.6.97 Detection and generation systems and running web simulator, view
from the left side.
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Figures 2.6.98-101 are pictures taken during the tests of August 13 & 14, 1998. It

was decided to change the incidence angle for detection from 0 ° (normal incidence) to

45 ° incidence, in order to be able to detect both in-plane and out-of-plane displacements.

This was done since the out-of-plane component of the So wave is very small compared

to the in-plane component and it had not been observed on moving paper with the 0 °

setup.

Another improvement consisted in using a long line for the generation spot instead

of a point, in order to generate roughly the same amplitude for the ultrasonic waves but

with a much smaller laser power density on paper. This change was done because the

ablation damage on paper made with the circular generation spot used in the previous

trials happened to be unacceptable especially on copy paper and raw stock.

Figure 2.6.98 shows a vertical piece of beige cardboard can be seen next to the

sheet. It has been put between the generation and detection spots in order to prevent a

possible shock wave in the air (which may occur at the generation spot) from overlapping

with the ultrasonic wave traveling in the paper. Such a shock wave was seen when using

the previous setup (point generation).
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Figure 2.6.98 Detection and generation systems and web simulator #1, configuration
for tests made on August 13 & 14, 1998.

Figure 2.6.99 View of the generation system and web simulator, configuration for
tests made on August 13&14, 1998.
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The lenses that are part of the generation system which is used to produce a line source

instead of a point source for the generation spot can be seen in Figures 2.6.99 and 2.6.101. One

spherical diverging lens, then two spherical converging lens then one cylindrical lens were used.

The paper strip was cut along the machine direction (as all paper strips used on the rotating

drum) and the direction of rotation of the sheet was along machine direction like on a real paper

web. The waves were travelling along cross direction (horizontal). An averaged signal showing

the dispersive A0 wave on moving copy paper is displayed in Figure 2.6.100.

Figures 2.6.102-107 show pictures taken from the trials with copy paper and 42-1b-

linerboard on August 21, 1998. The optical configuration for both generation and detection

systems was identical to the one used in the tests on August 13 and 14, except that this time

configuration #2 of the web simulator was used instead of configuration #1.

Figure 2.6.100 A0 wave on copy paper, line generation, averaged signal.
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Figure 2.6.101 Tests on 42-1b-linerboard, trials made on August 13&14, 1998, with
configuration #1 of web simulator.

Figure 2.6.102 Tests on 42-1b-linerboard made on August 21, 1998 with
configuration #2 of the web simulator (detection laser is off).
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Figure 2.6.103 Close view of the running web simulator with 42-1b-linerboard,
August 21, 1998 (generation optics in the foreground).

Figure 2.6.104 View of the running web simulator with 42-1b linerboard paper
grade, and of the optics of the detection head.
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Measurements were also made along machine direction with the same copy paper

and 42-1b linerboard samples used on August 21, plus a new sample of bleachboard. The

generation line was set horizontally above the detection point and the ultrasonic waves

were thus travelling along MD. Apart from that, the generation and detection systems

were the same as on the 21 st.

Figure 2.6.105 General view of the running web simulator (bottom), laser
generation (right), detection (center) and data acquisition (right). Optics on the
left are not part of the setup.
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Figure 2.6.106 View of the rotating drum (bottom left) and laser optics (optics with
red tags).

Figure 2.6.107 Detail of the generation mirror and detection spot on moving copy
paper.
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On the copy paper sample, signals were also recorded at 30 m/s, which is about 20% above

the current production speed for copy paper (see Figures 2.6.108-109). This was done in order to

see if the detection system was still able to detect the A0 wave at this very high speed.

At this speed, the signal to noise ratio is very poor. Thus it is difficult to tell if the

waveform that is observed is actually an A0 wave or a shock wave travelling in the air at 30 m/s.

Further analysis of the frequency content of the detected waveform should positively identify the

wave.

Figure 2.6.108 General view of the system running at 30 m/s on copy paper.
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Figure 2.6.109 Close up of the system at 30 m/s on copy paper.

2.6.5.2 Results on Static Paper (J. Jong, IPST)

The photo EMF detector was used to detect a signal generated by a source laser on static

paper. Figure 2.6.110 shows typical signals recorded by the photo EMF setup at 45 ° incidence

on a static copy paper. The top graph shows that the So and A0 mode waves are clearly detected

using an out-of-plane detection configuration. On the other hand, the bottom plot shows that the

signal to noise level decreases significantly using an in-plane detection configuration. The

presence of the So mode wave with the in-plane system is no longer obvious.
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Figure 2.6.110 Photo EMF signals on static copy paper using out-of-plane (top) and
in-plane (bottom) configurations: The detection laser was aimed at 45° incidence with
respect to the normal to the surface.

Figure 2.6.111 shows the spectra of the signals in Figure 2.6.110 using the out-of-plane and

in-plane configurations. The signal energy is mostly present in the low frequency range below

0.5 MHz. This is in agreement with the results obtained earlier by the BSO PRC setup.
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Figure 2.6.112 shows ultrasonic signals on a fairly thick bleachboard sample (grammage

of 262 g/m2). The So mode wave is not easily detected and the A0 mode wave tends to dampen

out quickly. This behavior is in agreement with the results obtained using the BSO PRC setup

earlier. The noise level is very high in the in-plane configuration.
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Figure 2.6.111 Frequency spectra of the signals shown in Figure 2.6.109 using the
out-of-plane and in-plane configurations: The detection laser was aimed at 45 °
incidence with respect to normal to the surface.
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Figure 2.6.112 Signals on bleachboard sample using the out-of-plane and in-plane
configurations: The grammage is 262 g/m 2. A single shot was used for the signal. The So
mode wave is not visible and the A0 mode wave dampens out quickly.
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Figure 2.6.113 A0 mode analysis of the photo EMF signals on static copy paper in CD. 

In Figure 2.6.113, the A0 mode waves on static copy paper in the CD were detected at 

two different distances between the source and detector (d=22mm and 3 lmm) and were analyzed 

using the same technique described in Section 2.6.1.1. The FFTs of the signals are calculated 

and the phase angles are unwrapped. It is important to keep in mind t at the phase angle 

information is reliable only within the frequency range where significant signal energy is present. 
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Figure 2.6.114 Comparison of the A0 mode velocities using the photo EMF setup on
static copy paper in CD.

In Figure 2.6.114, the resulting A0 phase velocities with the corrected phase angles are

plotted against the theoretical dispersion curve corresponding to the A0 mode for static copy

paper in the CD. The phase velocity with the -4re correction shows good agreement with the

theoretical curve up to 0.2 MHz in frequency. This range also corresponds to the region where

signal energy exists. Therefore, we can only be confident of the accuracy of the phase velocity

in this region. In the frequency region over 0.2 MHz, the phase velocities deviate from the

theoretical curve due to the lack of energy present. Hence, the results in this region are not

reliable. Also, when the phase angle is not corrected, the result plotted in Figure 2.6.114 shows

that significant error may occur at very low frequency. In order to circumvent this error, Johnson
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(1996) suggested using a simplified low frequency approximation for the A0 mode.

Nevertheless, this method is not feasible in the current analysis since it requires the information

of the So mode wave, which may or may not be available.

2.6.5.3 Moving Paper Results (J. Jong, IPST)

Figure 2.6.115 shows an assortment of typical results obtained by the photo EMF

interferometer on moving bleachboard in the CD at increasing speeds. The distance between the

source and detection spot was maintained at 15 mm. The power of the detection laser was kept

at 1.33 W and the energy level of the source laser was 25.1 mJ. The detection beam was at 45°

incidence. At speeds up to 6 m/s, the shapes of the A0mode waveforms are clearly noticeable.

As the web speed increases further, the magnitude of the A0 signal decreases; that is, the A0

signal becomes harder to distinguish from the noise. At 14 m/s, the A0 signal becomes almost

indistinguishable from the texture noise present. For the Somode, the signal is detectable at 1

m/s, although it disappears quickly as the speed increases.

Figure 2.6.116 shows the corresponding FFT spectra of the signals shown in Figure

2.6.115. Most of the A 0signal energy is present below 0.5 MHz. The broadband noise, as

discussed in the previous noise analysis, appears to shift to higher frequency as the web speed

increases up to a certain speed. That is, at 2 m/s, the broadband noise peak is approximately at

0.7 MHz. At 4 m/s, it :isat 1.2 MHz. At speeds higher than 6 m/s, it exists at 1.6 MHz. Also

noticeable is the sharp peak at approximately 1.75 MHz for higher web speeds. It results from

the burst of energy that exists within the first 10 ps and is related to the saturation of the

photodetector by the generation laser.
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Figure 2.6.115 Comparison of the Photo EMF signals on bleachboard in CD at
different web speeds: d-15mm, P=l.33W, E=25.1mJ using a line generation in ablation
mode. The incidence of the detection beam is at 45° with respect to normal to the
surface. The amplifier was not used for the signal at 1 m/s. Then, the signals were
amplified at 39.7 dB. Data taken August 14tn.
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Figure 2.6.116 FFT spectra of the Photo EMF signals shown in Figure 2.6.112 on
bleachboard in CD at different web speeds: d=15mm, P=l.33W, E=25.1mJ using a line
generation in ablation mode. The incidence of the detection beam is at 45° with respect
to normal to the surface.
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The characteristics of bleachboard are very different from those of copy paper. The

grammage is very high at 262 g/m 2. Signals are not expected to be well formed. Nevertheless,

the results at high speeds are very promising.

The plots in Figure 2.6.117a and b compare two signals obtained on bleachboard at 14

m/s with the setup as of August 14th. For a and b, the top signal is averaged at 128 times while

the bottom one is obtained by a single shot. The signal with the 128 times average has an

amplitude magnitude that is one order smaller than that of the single shot. This is caused by

extreme variability in the sample and hence variability in the signal (therefore averaging causes

the signal to disappear). The A 0in contained in the frequency range below 0.5 MHz. The

frequency analysis shows that there appears to be a noise peak existing at 1.6 MHz. Most likely,

the set of peaks around 1.5 MHz in the single shot data is laser noise (feedback into the laser

cavity).
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Figure 2.6.118 Change of signal amplitudes against web speeds on copy paper in
CD: d=10mm, E=25.1mJ, and P=l.33W using a line generation in ablation mode. All
signals are averaged 128 times. The incidence of the detection beam is at 45°. Data
taken on August 14.
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Figure 2.6.119 Change of signal amplitudes vs. web speeds on linerboard 42-1b in
CD: d=10mm, E=25.1mJ, P=0.72W using a line generation in ablation mode. The
incidence of the detection beam is at 45 °. Data taken on August 14.
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Typical waveforms obtained with copy paper and 42-1b linerboard are plotted in Figures

2.6.118 and 2.6.119, respectively. The distance d between the source and the detection spot was

maintained at 10 mm for both figures. The energy level of the source laser was 25.1 mJ using a

line generation in ablation mode. The incident angle of the detection beam was at 45 ° with

respect to the normal to the surface. The power of the detection laser was at 1.33 W for copy

paper and 0.72 W for 42-1b linerboard.

As previously described with the bleachboard sample, the signal amplitude decreases as

the web speed increases. The overall signals on the copy paper are fairly clean without much

noise present up to 14 m/s. On the other hand, the signals on the 42-1b linerboard tend to contain

more texture noise and dampen out quickly. At web speeds higher than 8 m/s, the S/N ratio

becomes very low. Notice that the results shown in Figures 2.6.115, 2.6.118 and 2.6.119 so far

were obtained with the web simulator in the original configuration limited to the maximum speed

of 14 m/s.
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Figure 2.6.120 Comparison of the signals on copy paper in CD at different web
speeds after modification of the web simulator: d=10mm, P=1.33W, E=25.6mJ using a
line generation in the intermediate regime. Data taken on August 21.
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Figure 2.6.121 FFT spectra of the signals shown in Figure 2.6.120 on copy paper in

CD at different web speeds after modification of the web simulator: d=10mm, P=l.33W,

E=25.6mJ using a line generation in the intermediate regime. Data taken August 21 _t.
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Figure 2.6.120 shows the combination of signals obtained on copy paper in the CD after

the web simulator was modified to increase the maximum speed to 30 m/s. The distance, the

power and the energy per pulse were maintained at 10 mm, 1.33 W and 25.6 mJ, respectively.

The source laser was operated in intermediate regime using a line generation.

Since a typical papermaking machine can mn as fast as 30 m/s, Figure 2.6.120 shows the

remarkable possibility of implementing the current non-contact laser ultrasonic technique on a

real papermaking machine. For typical copy paper, machine speed runs at 18.5 m/s (3650

ft/min) (Biermann, 1993). At that speed, the waveform can be detected clearly using the current

setup as shown in Figure 2.6.120. By improving the current configuration and optimizing the

laser optics, the S/N ratio can be further improved.

Figure 2.6.121 shows the corresponding FFT spectra of the signals on copy paper in CD

shown in Figure 2.6.120. Again, the signal energy is mostly present in the low frequency region.

The noise level appears to be relatively low after the web simulator was modified. There still

seems to be noise present at approximately 1.5 MHz for high speeds.

In order to investigate what effect the modification of the web simulator has on the

signal, two FFT spectra of the signals on copy paper before and after the modification are

compared in Figure 2.6.122. The figure shows that the noise level has decreased and the noise

peak has shifted slightly from 1.6 MHz to 1.5 MHz. Therefore, it is likely that the noise is related

to the web simulator.
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Figure 2.6.122 Comparison of FFT spectra on copy paper before and after the
modification of the web simulator.



219

0.5
0.0

-0.5 I ' I ' I ' I ' I

0 10 20 30 40 50
_> 0.4
v 0.0

-0.4
' I ' I ' I ' I ' I

0 10 20 30 40 50
mi

0.3
0.0

e -o.3
I ' I ' I ' I ' I ' I
0 10 20 30 40 50

0.3 2_
0.0

-0.3 I ' I ' I ' I ' I ' I
0 10 20 30 40 50

time (ps)

Figure 2.6.123 Time signals in CD obtained by the photo EMF at speeds higher than
the typical machine speed of 11.6 m/s for linerboard 42-1b' d=5mm, P=l.33W,

E=25.6mJ using a line generation in the intermediate regime. Data taken on August 21.
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Figure 2.6.124 FFT spectra corresponding to the signals in Figure 2.6.123: The

signals were obtained in CD by the photo EMF at speeds higher than the typical

machine speed of 11.6 m/s for linerboard 42-1b; d=5mm, P=l.33W, E=25.6mJ using a

line generation in the intermediate regime. Data taken on August 21.
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Figure 2.6.123 shows time signals obtained in CD by the photo EMF at speeds higher

than the typical machine speed for 42-1b linerboard, which is approximately 11.6 m/s (2290

ft/min) (Biermann, 1993). Figure 2.6.124 shows the corresponding FFT spectra of the signals

obtained in Figure 2.6.123. The spectra show that, even at speeds higher than the typical

machine speed, the A0 mode can still be detected in the frequency region below 0.5 MHz where

most of the energy is present. Noise is found approximately at 1.5 MHz, as previously indicated

for the results obtained with the modified web simulator. The comparison of the FFT spectra

between copy paper and 42-1b linerboard suggests that the fluttering noise may be independent of

paper grade since the noise exists at the same frequency range for both copy paper and 42-1b

linerboard. Further tests are required to confirm this.
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Figure 2.6.125 Recorded signals on 42-1b linerboard in CD when the detection
power was increased: The signals were obtained before the web simulator was
modified. Web speed, source energy and distance were maintained at 14 m/s, 25.1mJ
and 9mm respectively. Data taken on August 14.
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In order to improve signal detection at high speed, the power of the detection laser was

varied. Figure 2.6.125 shows selected signals recorded on 42-1b linerboard before the

modification of the web simulator as the power increased from 0.72W to 1.33W. The web speed

was maintained at 14 m/s. Within the first 10 ps, there was a burst of signal associated with

generation laser saturation of the GaAs:Cr detector. This was also present in the bleachboard at

the same speed, but not evident in the copy paper. A similar noise pulse was detected in the

work by Brodeur et al. (1997), who attributed the cause of the noise to electromagnetic

interference generated during the firing of the Nd:YAG laser. The initial noise is bound to

interfere with the detection of the Somode wave for small generation/detection distances.
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Figure 2.6.126 Corresponding FFT spectra on 42-1b linerboard in CD for the

increase of the detection power: The signals were obtained before the web simulator

was modified. Web speed, source energy and distance were maintained at 14 m/s,

25.1mJ and 9mm respectively. There is a noise peak at _1.6 MHz. The source of the

peak is possibly related to fluttering.
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When the FFTs of the above signals are computed, some interesting results are observed.

Figure 2.6.126 shows the corresponding spectra of the same signals obtained on 42-1b linerboard

before the web simulator was modified. Again, there exists a peak approximately at 1.6 MHz.

The peak does not change its magnitude with increasing the detection power. Therefore, the

source of the noise peak is not related to the detection laser. More tests are required to

investigate possible sources of this noise. It is also important to determine how to suppress the

noise as well as how to improve the S/N ratio.

Some results were obtained along MD on moving paper samples by modifying the

experimental setup on August 24th and 25th. The detection beam was fixed at the same point as

previously. The generation line was rotated 90 ° and move above the detection point. Figures

2.6.127-129 show the signals in MD for copy paper, 42-1b linerboard and bleachboard,

respectively. The results in MD are similar to those in CD for the three samples. The S0mode

was not visible, however the system still needs to be optimized.

Overall, the preliminary results obtained by the Photo EMF technique on moving paper

are very promising. We have demonstrated non-contact laser ultrasonics at commercial machine

speeds.
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Figure 2.6.127 Comparison of the signals on copy paper in MD at different web

speeds: d = 10 mm, P = 1.33 W, E =26.7mJ using a line generation in the intermediate

regime up to 8 m/s and in the ablation mode from 10 m/s. Maximum power density was

used at 30 m/s by decreasing the generation spot diameter. Data taken August 24 th and
25 th.
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Figure 2.6.128 Comparison of the signals on linerboard 42-1b in MD at different
web speeds' d = 10 mm and E =26.7mJ using a line generation in the intermediate
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Figure 2.6.129 Comparison of the signals on bleachboard in MD at different web

speeds' d - 10 _, P = 1.33 W, E =26.7mJ using a line generation in the intermediate
regime up to 16 m/s and in the ablation mode from 20 m/s. Data taken on August 24
and 25.
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2.6.6 Self-mixing interferometer (E. Lafond, IPST)

2. 6.6. 1 Experimental setup

2.6.6.1.1 Operating principle of the self-mixing interferometer

A laser beam is emitted from the front mirror of a diode laser or another laser (for instance,

a low-power Helium-Neon) and is focused onto the surface of the object to investigate (see

Figure 2.6.130).

The vibrations of the surface of the object induce a phase shift on the back-scattered

speckles caused by the Doppler effect. The back-scattered speckles come back and follow the

same optical path toward the laser cavity, after having their phase shifted by the displacement of

the surface. A speckle comes into the laser cavity and it interferes with the laser wave oscillating

in the cavity and shifts the operating point of the atomic gain curve of the amplifying media.

The shift modifies the output power of the laser, which is monitored by a photodiode put

either behind the rear mirror of the laser cavity or (in a configuration not shown on this

schematic, see Figure 2.5.6 instead) after a beam splitter in front of the front mirror. The

intensity of back-scattered light should be low in order to stay in a range where the time-

dependent power variations of the laser are linearly related to the time-dependent displacements

of the target surface, at least for low frequencies.
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Figure 2.6.130 Schematic of the self-mixing interferometer.

The advantage of a self-mixing interferometer, compared to a Mach-Zehnder

interferometer for example, is that it can work easily on scattering surfaces and needs very little

light back-scattered since the oscillation of the laser wave inside the cavity is very sensitive to

any small perturbation.

One of the main drawbacks is poor signal to noise ratio because of the instabilities inherent

to the laser amplifying medium (especially with diode lasers) that creates artificial phase-shifts

adding to the one caused by surface displacement.

This method works only with one speckle at a time and when the speckle is aligned with

the incident beam because the beam needs to be coherent with itself. If the speckle pattern

changes (for example on a moving web) and this particular speckle becomes misaligned, the

interferometer will lose the ultrasonic signal. When another speckle comes into alignment, the

perturbation of the amplifying medium will resume and provide the displacement of the surface

again.
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2.6.6.1.2 Bandwidth of the self-mixing interferometer

For evaluation, a high frequency version of a commercially available vibrometer working

with the self-mixing principle was used. This high frequency version is a prototype built very

recently and the bandwidth, which had not been verified, was supposedly DC to 2 MHz° It was

discovered during the trials at IPST that the bandwidth was in fact DC to 200 kHz at-3 dB.

Displacements can, however, be detected around 1 MHz providing they are huge, probably in the

100 nm range which is far from the laser generated displacements on paper. Above 100 kHz, the

sensitivity to displacements starts to decrease sharply.

The useful bandwidth for measurements on paper with this vibrometer is DC to 200 kHz,

which seems too narrow for the ultrasonic waves to be detected on paper. Thus in reality, the

prototype used should be classified as a vibrometer instead of an ultrasonic interferometer.

The output power of the laser in this vibrometer was 5 mW at a wavelength of 780 nm,

situated in the upper limit of the visible spectrum. This is (almost) an "eye safe" laser, which is

not the case of lasers used by the other methods that have been investigated.

2.6.6.1.3 Experimental configurations used for the trials

The vibrometer was first used by aiming the beam directly onto the paper surface without

any additional optics, which is the normal way to use it. It was discovered during the trials that

the "signal strength" output of the interferometer absolutely required to be maximized

(maximum sensitivity to displacements) in order to detect small amplitude ultrasonic waves that

are generated on paper. This was done using a focusing lens between the vibrometer and the
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sample to increase the 6tendue of the system (see Section 2.5.3). The laser beam needed to have

the focal point be the paper surface.

The first trials were with a 100 mm focal length, 1" diameter lens which was antirefiection

coated for 1064 nm, which is not too far away from the laser wavelength. The signal strength

output was about 2.5 V on static copy paper but started to decrease quickly as soon as the paper

web was moving. So the 100 mm focal length lens was replaced with a 25 mm focal length lens

to increase the _tendue and stay above a 2 V output signal on moving paper. A few trials at

normal incidence on paper were performed, but most of the experiments were done at 45 °

incidence to try to see the So wave. There was not much difference between signals at 0° and

45 ° incidence. For tests on static paper, the web simulator was used without rotation instead of

the static paper sample holder.

The generation system was the same as the one used on August 24 th, 1998 with the

photoinduced-EMF interferometer. It produced a 0.5 x 13 mm line source generating ultrasonic

waves along the cross direction of the paper samples. In order to generate A0 waves with

sufficient amplitude, the beam was focused to the minimum spot to work in a strong ablation

mode. This caused significant damage to the paper sheet. The average energy per pulse was

maintained at 25.1 mJ at all times. Some pictures of the experimental setup with the detection at

normal incidence are presented in Figures 2.6.131-133.
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Figure 2.6.131 General overview of the experimental setup at normal incidence with
the self-mixing interferometer.

Figure 2.6.132 View of the experimental setup for normal incidence (self-mixing
interferometer head is the black box in the upper third of the picture).
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Figure 2.6.133 View of the self-mixing interferometer head at normal
incidence without the additional focusing lens.

The pictures of the trials that were done at 45 ° incidence for the detection beam are

presented on Figures 2.6.134-136. The 25 mm focal length lens was added in front of the

interferometer for tests on moving paper samples (copy paper and 42-1b linerboard).
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Figure 2.6.134 Self-mixing interferometer head at 45 ° incidence with additional 25
mm focal length lens shown on the left.

Figure 2.6.135 Detail of the self-mixing interferometer (not shown) with additional
lens in the center and last mirror of the generation system.
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Figure 2.6.136 A0 wave on copy paper moving at 2 m/s, detected with the self-
mixing interferometer.

Trials at 45 ° incidence did not show an So wave either on copy paper or on 42-1b

linerboard. This is not so surprising, considering the high frequency content and much lower

amplitude of the Sowave compared to the A0 wave.

2.6. 6.2 Non-moving paper results

Figure 2.6.137 presents results among the best available on static copy paper with the self-

mixing interferometer.
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Figure 2.6.137 Data taken on static copy paper with the self mixing vibrometer.
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Figure 2.6.137 ref #18 was for a generation-detection distance of 11 mm, ref #16 for 14

mm, ref # 20 at 16 mm, and ref # 21 at 20 mm. All data were taken in single shot, 25.1 mJ per

pulse, with the detection performed at 45 ° of incidence. The Y axis shows voltage and the X

axis shows time in ps.

As can be seen by comparing #16 and #20 there was a problem of triggering when we

recorded these waveforms, coming from the fact that a different A/D board was used.

Nonetheless, the arrival of the A0 wave can be clearly seen. The dispersive nature of the A0

wave has been completely washed out by the narrow bandwidth of the interferometer. The

highest frequency present in these signals is around 100 kHz, so a huge amount of information in

the wave is lost compared to measurements made with a Fabry-P6rot, photorefractive or Photo-

EMF interferometer.

2.6.6.3 Dynamic copy paper results

Figure 2.6.138 shows waveforms at 2 m/s on copy paper. A generation-detection distance

of 10 mm with single shot was used for ref #35, and 20 mm, averaged 16 times, for # 40. Note

the scale change on the y-axis - ultrasonic waves are disappearing into the noise of the

interferometer already.
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Figure 2.6.138 Ref #35 and 40 shows waveforms at 2 m/s on copy paper. Generation-
detection distance of 10 mm single shot for ref #35, and 20 mm, averaged 16 times, for #
40. Note the scale change on the y-axis - ultrasonic waves are disappearing into the
noise of the interferometer already.

On the curves in Figure 2.6.139 are ref #43' 16 averages, travel distance 10 mm and ref #

42' 16 averages, 15 mm. The trigger time was shifted, so the A0 wave does not appear at the

expected time in ref #43. The web speed was 12 m/s for both recordings. At this speed the

measurements are already unreliable and the A0 wave continuously appears and disappears more

or less randomly in the noise. Averaging more than 16 times doesn't seem of any help since the

base line of the signal fluctuates too much and the digitization of the voltage is done over only

256 levels (8 bits).
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Figure 2.6.139 Self-mixing interferometer results on copy paper at 12 m/s. Ref#43:
16 averages, generation/detection distance of 10 mm. Ref # 42' 16 averages, 15 mm.
The trigger was not working properly, so the A0 wave does not appear at the expected
time in ref #43.
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Figure 2.6.140 Copy paper: 16 averages, generation/detection distance of 10 mm,
typical of the waveforms we obtained at 25 m/s. The ultrasonic signal has totally
disappeared into the noise at this speed.
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Figure 2.6.140 shows waveform #46 taken on copy paper with 16 averages and a

generation/detection distance of 10 mm, typical of the waveforms we obtained at 25 m/s. The

ultrasonic signal has completely disappeared into the noise at this speed.

2.6. 6.4 Dynamic 42-1blinerboard results

The 42-1b linerboard reflects less light than the copy paper previously investigated so the

signal to noise ratio is even lower, as expected.
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Figure 2.6.141 42-1b linerboard with the self-mixing interferometer at 2 m/s. Ref
#48 shows the signal averaged 4 times with a generation/detection distance of 10 mm,
and Ref # 51 is averaged 16 times for a Generation-Detection distance of 20 mm. The A0
wave is completely lost on 42-1b Linerboard at this speed and at 14 m/s (not shown).
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Figure 2.6.141, ref #48 shows the signal of the interferometer averaged 4 times with a

generation/detection distance of 10 mm, and ref #51 is averaged 16 times with a

generation/detection distance of 20 mm. Both waveforms were taken at 2 m/s. The Ao wave is

completely lost on 42-1b linerboard at this speed and also at 14 m/s.

2.6. 6.5 Conclusion on Self-Mixing interferometric method

The self-mixing interferometer that was tested seems interesting for detecting low

frequency (under 100-200 kHz) ultrasonic waves on paper having a high amplitude, probably

around one hundred nanometers. Also the interferometer uses an "eye safe" laser. The price of

the prototype is significantly lower than the price of other interferometers (estimation: $15,000),

so it is a low cost system. It is also a very compact system because the detection laser is so

small.

But it has some significant drawbacks for our application:

· Poor sensitivity to displacements'

---)very small signal to noise ratio for A0 waves.

--) impossible to detect So waves which have an amplitude of only a few nm.

· Required to work in strong ablation mode to generate a signal large enough to be detected:

-->destructive testing (damage to sample).
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· Bandwidth too small for measurements on paper (DC to 100 kHz):

--> loss of all the information contained in high frequencies, including the So mode.

--->loss of dispersive nature of the A0 wave.

--> impossible to see the So wave because it is a high frequency ultrasonic wave.

· Signal to noise ratio decreases significantly on moving paper compared to static paper:

-->impossible to detect A0 wave a 25 m/s, very difficult above 2 m/s.

It is possible that another interferometer working on the principle of self-mixing could

work better than the one used for these trials if it was using an improved optical system for the

collection of light from the sample. The manufacturer of this interferometer believes it would be

possible to increase the bandwidth up to 1 MHz by changing the electronics of the low pass

filter.

A detection laser having a power comparable to the laser used for the photorefractive

interferometer would probably help the signal to noise ratio, too. But in that case the advantage

of using an "eye safe" laser is lost. Above 100 kHz, the sensitivity to displacements is really

quite low.

To summarize, it seems that even though self-mixing interferometers are cheap and thus

attractive compared to other interferometers, the bandwidth and poor sensitivity to displacements

make them unsuitable for the specific needs of paper.



241

2.6.7 Moving Paper Texture Noise Reduction Method (J. Gerhardstein, IPST)

2.6.7.1 Introduction

Noise due to trying to make measurements on a rough, moving surface has been a serious

design consideration since the inception of this project. One possible solution is to scan the

detection laser, thereby reducing the apparent speed of the surface. This is analogous to moving

the detection spot into the same frame of reference as the surface.

Several methods exist for scanning a laser beam. O'Shea (1985) lists 5 principal types, along

with certain attributes, shown in Table 2.6.3.

Table 2.6.3 Classes of scanners and attributes, from O'Shea (1985).

Type ScanAngle Approx. ScanType
Maximum

Frequency
Galvanometer 30deg. 10kHz Random
RotatingPrism 90deg. 50kHz Periodic

(including holographic)
Taut-band(resonant) 30deg. 1kHz Harmonic
Piezoelectric 2 deg. 500kHz Harmonic
Acousto-Optic <1deg. 20MHz Random

The following criterion were used to narrow the list:

1) To accommodate variable web speeds, the scanner must be able to scan over a

range of speeds. A random scan path most closely fits this need, but a periodic one may be

able to work as well.

2) If the scanner must hold the sheet "stationary" for a typical measurement time of

around 300 microseconds on a web moving 25 m/s, this gives a scan distance of 7.5 mm. If

the scanner stands off the sheet a distance of 50 mm, it must be able to scan through an angle

of 8.5 degrees (minimum).



242

3) If the scan time is 300 microseconds, the scanner must be able to scan the above

distance at a frequency of 3333 Hz.

From these criterion, the taut-band (resonant) is eliminated due to slow speeds and harmonic

scans, and piezoelectric and acousto-optic scanners are eliminated due to small scan angles.

Holographic scanners are capable of scanning complex paths, but they require a large capital

outlay to produce the first one (copies after the first are inexpensive, however). Rotating prisms

and holographic scanners also suffer from synchronization problems in trying to time their

scanning speed and scanning time with the arrival of the ultrasonic waves. This leaves

galvanometer scanners as the first choice.

2.6.7.2 Scanning System

After contacting several galvanometer scanning companies, a prototype of a flexure-mounted

galvanometer was chosen. This scanner is specified to scan a maximum angle of 30 degrees, at

speeds of up to 20,000 degrees/second (though higher speeds were obtained during actual

testing). Typical installation of the scanner is shown in Figures 2.6.142 and 2.6.143.
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Figure 2.6.142 Galvanometer scanner on linerboard on the rotating drum. Scanner
is at center right, with the mirror hidden.

Figure 2.6.143 Galvanometer scanner (center) on rotating drum (left). Edge of
mirror is visible at this angle.
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The galvanometer is equipped with a 10 mm diameter mirror. A larger mirror would be

preferable from a light collection standpoint, but would reduce the speed of the scanner due to

inertia. Standoff distance between the scanner and the web is an important parameter as well.

Placing the scanner a short distance from the web improves light collection, but requires the

scanner to run at a faster speed and larger angle to match the web speed for the specified period

of time.

The command signal to the scanner is a time-varying voltage. A built-in control loop

attempts to keep the angular position of the scanner proportional to the instantaneous voltage of

the command signal (the proportionality constant is approximately 4.9 degrees/volt). A typical

command signal for scanning is shown in Figure 2.7.144. The scanner starts out at + 10 degrees

at 0 gs, rotates to -10 degrees in 1000 _ts, and then returns to + 10 degrees from 1000 gs to 3000

gs. The shape of the scan during the first 1000 _ts is a straight line with the ends rounded

slightly using a moving average. This provides a constant angular velocity scan (in this case,

20,000 degrees/second). The 2000 _tsreturn path is sinusoidal in shape, which is an easier path

for the scanner to follow. The scanner is synchronized to the detection system such that

detection occurs during the first 1000 _ts of the scan.

The scanner provides position, velocity and error output signals which can be used to

determine how closely the scanner is following the command signal. Agreement is good up to

20,000 degrees/second. Velocities up to 28,000 degrees/second have been seen, but position

typically lags behind the command signal by several 1O's or 100's of gs. This is acceptably as

tong as this lag is accounted for in the scanner timing.
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Figure 2.6.144 Typical command signal for scanner for 1000 ps scan at 20,000
degrees/second.

Preliminary measurements were made with the scanner on copy paper and Iinerboard up to

speeds of 25 m/s using the photo-EMF system with a piezoelectric transducer in the path of the

reference beam to simulate ultrasound waves. The photo-EMF combined with the piezoelectric

transducer allows evaluation of signal strength using a continuous uniform "wave" with a

moving rough surface. Signal strength with and without scanning provides an estimate of the

increase in signal strength due to scanning. All data below was collected at 20 MSamples/sec.

The scanner was placed 2.3 cm from the web.

2.6. 7.3 System Evaluation

Figures 2.6.145 and 2.6.146 show results at 8 m/s on copy paper. Figure 2.6.145 shows

typical single shot signal strength without scanning. The piezoelectric transducer is running at 1

MHz and 15 Vpp producing a continuous sine wave signal that is recorded by the detector (sample
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time is too long to see individual sine wave cycles). Variations in the amplitude are due

primarily to surface noise and web flutter as the copy paper sample rotates on the drum. Average

signal strength is 0.892 VRMs.
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Figure 2.6.145 Single shot measurement with the Photo-EMF system at 8 m/s on
copy paper without scanning.
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Figure 2.6.146 Single shot measurement with the Photo-EMF system at 8 m/s on
copy paper, scanning at 18,000 degrees/second.
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Figure 2.6.146 shows the same setup with the galvanometer scanner used to improve the

signal to noise ratio. The scanner is set to scan at 18,000 degrees/second for 1000 rts (18 degrees

of scanning), starting at time - 0 gs. Two regions are seen in Figure 2.6.146. Up to 800 gs, the

signal is quite weak with an average strength of just 0.256 VRMs. From 800 to 1100 gs, the signal

is much stronger, with an average strength between 950 and 1000 [ts of 2.92 V_Ms. Two effects

are occurring here. First, the signal strength up to 800 rts is much lower than the unscanned

signal see in Figure 2.6.145. This is due to the detector being out of focus. Between 800 to 1100

gs, the detector comes into focus, and the improvement in the signal due to the scanner can be

seen. If we compare the signal strength in Figure 2.6.145 (0.892 VRMS)to the signal strength

from 800 to 1100 gs in Figure 2.6.146 (2.92 VRMS),there is a signal increase of 3.3 times.

Figures 2.6.147 and 2.6.148 show the same setup, but with a web speed of 12 m/s. Scan

speed in Figure 2.6.148 is approximately 27,000 degrees/second, well in excess of the rated

speed of the scanner. Signal strength in Figure 2.6.147 is 0.628 VRMs. Signal strength in Figure

2.6.148 is 2.21 V_Ms between 925 and 975 ps, and 0.204 Vms between 500 and 700 laS. Again,

the lower signal for the first part of Figure 2.6.148 is due to the detector being out of focus.

Nonetheless, this is a signal to noise ratio improvement of 3.5 times between the unscanned

signal in Figure 2.6.147 and the latter part of Figure 2.6.148.
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Figure 2.6.147 Single shot measurement with the Photo-EMF detector on copy

paper, without scanning, at 12 m/s.
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Figure 2.6.148 Single shot measurement with the Photo-EMF detector at 12 m/s on

copy paper, scanning at 27,000 degrees/second.

Figures 2.6.149 and 2.6.150 again show the same setup, but at a web speed of 25 m/s and

four-times signal averaging. Scanner speed is set at 30,000 degrees/second, which is the

maximum set point for a 1000 gs scan (30 degrees in 1000 gs). This speed, however, is

significantly tess than what is required for a 25 m/s web speed at a 2.3 cm standoff distance. The
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scanner does not actually reach the commanded 30,000 degrees/second, but somewhere closer to

28,000. Hence, for these runs, the scanner will not reach the web speed of 25 m/s.
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Figure 2.6.149 Four-times averaged measurement with the Photo-EMF detector on
copy paper, without scanning, at 25 m/s.
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Figure 2.6.150 Four-times averaged measurement with the Photo-EMF detector on
copy paper at 25 m/s, commanded scan speed of 30,000 degrees/second (maximum scan
speed reached is closer to 28,000 degrees/second).

Limitations of the scanner are evident by the shorter time over which the signal strength

increases. Strong signal is only seen for about 50 !ts in Figure 2.6.150, where as it was seen for

200-300 gs at lower scan speeds (see Figures 2.6.146 and 2.6.148). Higher speeds require longer
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acceleration times, but since the range of motion of the scanner is limited, the amount of time

that the scanner is "at speed" is reduced.

Signal strength in Figure 2.6.149 without scanning is 0.240 VRMs. Signal strength in Figure

2.6.150 with a commanded scan speed of 30,000 degrees/second is 0.121 Vms between 500 and

700 gs, and 0.888 V_Ms between 785 and 835 gs. This is a signal to noise improvement of 3.7

between the unscanned signal in Figure 2.6.149 and the scanned signal with the detector in focus

in Figure 2.6.150, even though the scanner was not able to match the web speed. The time

period over which the signal amplitude is increased (780-850 gs) is likely too short to accurately

record ultrasound waves.

Preliminary measurements were also made on 42-1b linerboard using the same setup as

above. Signal to noise ratio increases of approximately 4 were observed to speeds of 14.5 m/s.

Measurements were attempted using the pulse laser for excitation. Precise timing of the

scanner to the arrival of the ultrasound waves was found to be more difficult than originally

thought as the scanner tends to lag behind the command signal, especially at higher scan speeds.

Unfortunately, time limited the experiments with the scanner and adequate testing with the pulse

laser was not complete at the time this report was written. However, we expect to see similar

results with the pulse laser excitation.

Scanner technology appears to be promising. Signal strength on a moving web of copy paper

was measured between 3.3-3.7 times stronger with the scanner than without. Significant signal

strength improvements were achieved even when the maximum speed the scanner reached was

less than the speed of the sample. The galvanometer scanner is limited to scan speeds of around

28,000 degrees/second, but in order to achieve sufficient "time at speed", slower scan speeds are
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required. For the setup used in these experiments, the galvanometer was placed approximately

2.3 cm from the surface of the web. At this distance, the 10 mm diameter mirror was not the

limiting aperture of the system (the mirror just above it in Figures 2.6.142 and 2.6.143 was the

limiting aperture). If the galvanometer is moved further back from the web, the maximum web

speed at which the scanner can keep up with will be increased. However, moving the scanner

back will also decrease the amount of light collected from the web since the scanner mirror will

become the limiting aperture, reducing signal strength.
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2.6.8 Multi-wavelength generation

2.6.8. 1 Experimental setup

For the generation and comparison of ultrasonic waves at different wavelengths, the

generation laser of IPST with its doubling and tripling non-linear crystals was used as well as a

contact "bender" transducer especially designed for detection of in-plane waves (primarily S0

waves). Despite the fact that a contact transducer does not have the advantage of being

broadband like an optical interferometer, it allowed us to make a first evaluation of generation at

different wavelengths. This transducer was also able to detect the in-plane component of A0

waves on paper, which is still larger than the in-plane component of the SOwave. The schematic

of the experimental setup is presented in Figure 2.6.151.

Generation

.......................-Detection Adjustable

'"--'"-_..._ Tripling
Bender istance attenuator

transducer :..:.:.:.:_I............_. Lens_--_ _ cryltal: 355 nm

m........J::!............J i_ .......t........1*1_1.........11Pulsed Surelite 1-20

i-_-...................1 + ii I1q,l]iq/ .......[-i..........[ Generation laser 1064 nmi ...j

aper Wavelengths Doubling

separator Crystal' 532 nm

/ t.................:"l_ sample (dichroic mirrors)

' hSaMPlre

Panametrics x I A/D board

preamplifier × I

Figure 2.6.151 Schematic of the experimental setup for laser generation, and
detection with the bender transducer.
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When the signal voltage was sufficient, the Panametrics preamplifier was not used and the

signal was digitized directly by the A/D board. The amplification factor of the preamplifier is

93.5x (-_+39.4 dB) near 60 kHz (one of the resonance frequencies of this transducer).

We present two graphs in Figure 2.6.152 in the frequency domain displaying the frequency

response to the laser pulse of the transducer and preamplifier combination. Before taking its

Fourier transform, the signal was averaged 4 times in order to reduce the noise.
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Figure 2.6.152 Frequency response of the preamplifier and bender piezoelectric
transducer.

As can be seen from the two graphs in Figure 2.6.152, the transducer has two resonance

frequencies, one at 60 kHz and one around 70-75 kHz. The peak at 130 kHz is not really

significant. The transducer and the paper sample were fixed on the same translation stage
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moving perpendicularly to the laser beams so that the contact between the transducer and the

paper did not change when we changed the distance between generation and detection.

The wavelength of the laser generation was switched by putting the doubling and tripling

optical crystals inside the laser head, using the standard procedure described by the laser

manufacturer. The output energy was optimized for each wavelength in order to ensure that the

laser pulse duration was in its normal range (5-7 ns for 1064 nm, 4-6 ns for 532 nm and 355 nm).

The fact that the pulse duration is 1 ns shorter for these last two wavelengths than at 1064 nm

will not significantly change the frequency content of the generated pulses. Indeed a paper web

filters the high frequencies (above 10 MHz) corresponding to this pulse duration anyway, so high

frequencies are never observed in paper.

Due to the optical attenuator, we were able to keep the energy per pulse (value from 40

averages) almost constant for each wavelength: 4.89 mJ at 1064 nm, 4.93-4.72 mJ at 532 nm,

and 4.89-4.50 mJ at 355 nm. Hence, the only parameter changed for the generation was the

wavelength of the generation laser and the spot diameter.

The lens used at each wavelength was a spherical lens, 100 mm focal length, thus

producing a circular spot. The beam was focused to the minimum diameter onto the paper

samples in most cases. The paper grades investigated were copy paper and 42-1b linerboard, the

most relevant for the project and very different both from a mechanical and optical point of view.
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2.6.8.2 Results of laser generation at different wavelengths

2.6.8.2.1 Influence of the Generation/Detection distance for 42-1b linerboard at 1064 nm

The results shown in Figure 2.6.153 were obtained with the fundamental wavelength of

1064 nm.
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Figure 2.6.153 (a-e) Ultrasonic waves as function of the Generation-Detection
distance along MD for 42-1b Linerboard at 1064 nm.

At 0 mm the laser generation pulse hits almost directly over the transducer so the signal is

not really representative of the generation in the paper. The first waveform to appear is the S0
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wave, and its amplitude is 10 times smaller than the large oscillations after it which are the A 0

wave

The machine direction of the samples was horizontal, so the ultrasonic waves were

traveling along MD for all the measurements. A contact piezoelectric transducer is much more

sensitive to displacements than an optical interferometer in most cases. The fact that the Sowave

is so small in 42-1b linerboard even with a transducer specially designed for detecting it explains

why we had so much difficulties to see it on moving and static linerboard with the

interferometers we used.

2.6.8.2.2 Influence of the Generation-Detection distance for Copy Paper at 1064 nm
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Figure 2.6.154 (a-d) Ultrasonic waves as function of the generation/detection
distance along MD for copy paper at 1064 nm.

Figure 2.6.154a-d show results on copy paper as a function of generation/detection distances

for 1064 nm generation. Figure 2.6.154a is a bit different from other waveforms since the

amplitude ratio of SOwaves over A owaves is not the same as the other waves. But overall, even

if this ratio is not as small as in the case of 42-1b linerboard, we can see that the laser pulse

generates much more antisymmetric A0 waves than symmetric S0 waves at least for frequencies

under 100 kHz. The fact that SOwaves have a larger amplitude for copy paper than for 42-1b

linerboard probably comes from copy paper being thinner than linerboard. This is a hypothesis
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that we will be able to prove or disprove in the future by comparing more paper grades of

different thickness between themselves, using laser generation and piezoelectric detection.

2.6.8.2.3 Influence of the Generation-Detection distance for Copy Paper at 532 nm

I .5 ................................................................................................................................................................................................................................................................................................................................................................................................

1

1

05 ......AAA__ttlA A-aAA.,.__,,....,,^t_.,,.At_A,,̂A,,..,.,,,,..........

- v roy.........................E ( 20 400 600 800 1000 1200

-0.5

1 J-

i

-1.5 -

tim e (microsecond)

(a) Generation/detection distance of 10 mm

04°_tli.......iiI..................................................................................................:..................:::...........................................::..............:......................................:i:.....................::.......................:i::ii
::_Ill,,ItL_ ...............................

li_l!l.t[.._ ,._ :_

_' -0.1 600 800 1 200

[lll!'!'ll,I _ i

1"'Ir :io4 J ..............................................................................................................2il ...............iiii ii
0 5 ............................................................................................................................................................................................................................

tim e (microsecond)

(b) Generation/detection distance of 20 mm



260

0 .4 ...............................................................................................................................................................................................................................................................................................................................................................................................................

0.3

0.2 ! ..............

= o '' I ,, /'N,, Fk
=.- II'V'I[j4_/v"Vx" '¥_E v._ v,_- _-- .c 2 o0 o 800 _o0o 12so

_o., 'i uvv i
-0.2 i

-0 .3 ;' i

j I-0 .4 _1

tim e (microsecond)

(c) Generation/detection distance of 31 mm

° t I
A 0

0.4 w ave

0 .3 I A I .............

,.u. u!tVVVw' "¥-v ,, v.,,- ,,........, ,,,,< 400 600 800 I000 1200

_o, IIII '

so VV
-0 .2 ave ....

-0 .3 ................................................

-0 .4

tim e (m icrosecon d )

(d) Generation/detection distance of 38 mm

Figure 2.6.155 (a-d) Ultrasonic waves as function of the Generation/Detection
distance along MD for copy paper at 532 nm.

Figure 2.6.155a-d show signals on copy paper as a function of generation/detection

distances at 532 nm. As expected, both Ao and So are decrease quickly with distance when the

generation is made with a 532 nm spot. Compared to what is observed at 1064 nm, the So wave

is much larger at 532 nm. Also the amplitude of the So remains significant even at 38 mm.

What is observed visually during the experiments is that 532 nm light creates much more

damage both on copy paper and 42-Ib linerboard than 1064 nm wavelength for the same pulse

energy. It almost drills holes in copy paper, which makes it no better than destructive testing.
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It is possible that the mechanism of generation is different at 532 nm from 1064 nm,

working in ablation regime at 532 nm and in intermediate regime at 1064 nm. However, we

would expect an ablation regime to generate more A0 waves in paper than So symmetric waves,

since only one side of the sheet receives the pressure from the vaporized material. So this

explanation would mean that there would be stronger So waves at 1064 nm. In fact we observe

the opposite result.

Another possibility is that the optical pulse penetrates more deeply inside the paper at 532

nm than at 1064 nm. If it is the case, the acoustical source resulting from the ablation/thermal

dilatation process would be a buried source, and such a source is more likely to generate So wave

than A0 waves.

2.6.8.2.4 Influence of the Generation-Detection distance for 42-1b linerboard at 532 nm
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Figure 2.6.156 (a-d) Ultrasonic waves as function of the Generation/Detection
distance along MD for 42-1b Linerboard at 532 nm.

Figure 2.6.156a-d shows signals for 42-1b linerboard as a function of generation/detection

distance at 532 nm. The So waves seems to be stronger than at 1064 nm. The reasons why this

phenomenon occurs are probably the same as for copy paper (ablation instead of intermediate

regime or wavelength penetrating deeper inside the sheet).

The amplitude of the A0 wave remains the same at 532 nm compared to 1064 nm for 42-1b

linerboard.
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2.6.8.2.5 Influence of the Generation-Detection distance for 42-1b linerboard at 355 nm

For the tests at 355 nm, the distance between the lens and the paper surface was reduced by

9 mm (new distance approximately 91 mm). The generation source is now 0.3-0.5 mm, larger

than previously.
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Figure 2.6.157 (a-d) Ultrasonic waves as function of the Generation-Detection

distance along MD for 42-1b Linerboard at 355 nm.

As can be seen on the curves in Figure 2.6.157, the So wave has totally disappeared from

the waveforms but the Ao is still there. This effect could be linked to the increased size of the

generation spot, or to a smaller absorption of 355 nm wavelength compared to 532 nm by the 42-

lb linerboard sample. The amplitude of the Ao wave has been divided by a factor between 2 and

4. The decrease in the amplitude of the antisymmetric wave is not sufficient to explain the total

disappearance of So wave.
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2.6.8.2.6 Influence of the Generation-Detection distance on copy paper at 355 nm
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Figure 2.6.158 (a-d) Ultrasonic waves as function of the Generation/Detection
distance along MD for copy paper at 355 nm.

We can see in Figure 2.6.158 on copy paper that the So wave is still there, as opposed to

what happened for linerboard. The ratio of the amplitude of So and A0 appears to vary much

more at 355 nm than at 1064 nm and 532 nm from one shot to another. It seems to be very

dependant on the generation conditions.

Both for copy paper and 42-1b linerboard, the damage caused to paper is worse at 355nm

than at 1064 nm. However, the amplitude of the A0 wave is only slightly bigger at 355 nm than

at 1064 nm for copy paper.

2.6.8.3 Conclusions about laser generation at different wavelengths

Concerning the amplitude of the antisymmetric A0 wave, we can say it seems larger at

1064 and 532 nm than at 355 nm, both for 42-1b linerboard and copy paper.

It appears that there is an improvement in the amplitude of So waves at 532 nm compared

to 1064 nm and 355 nm. This could be caused either by a different absorption coefficient of

paper at different wavelengths or by a different optical penetration depth. Either way, this
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increase of the wave amplitude is obtained by working further in the ablation regime, which

damages the paper samples which is not allowed in reality. Alternately, since the generation

appears to be more energy efficient at shorter wavelengths, a less powerful (and less costly) laser

could be used to take advantage of this.

The comparison we made between wavelengths with the bender piezoelectric transducer

needs to be further assessed by using an interferometer for detection in order to get results with a

broadband receiver.

Also, we need to test other paper grades to see the influence of the thickness and reflection

coefficient of paper on the ratio of the amplitudes of the A0 and So waves.

At present it seems that the intermediate generation regime at 1064 nm is still the best way

to go for generating both So and A0 waves in a paper web without damaging its surface. Most of

the measurements that we did with the interferometers were done using this intermediate

generation regime at 1064 nm.
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3 PAPER PHYSICS PROGRAM

3.1 Introduction

In parallel to the research program aimed at demonstrating the concept of laser ultrasonics on

moving paper, we initiated the paper physics program. Tasks performed during Phase I are

preliminary steps to the Phase II investigation of the relationships between mechanical properties

and machine variables. They included the development of an advanced image analysis method

to perform direct reference measurements of the geometrical fiber orientation distribution (FOD),

and an experimental setup to performed indirect FOD measurements using a visible light

scattering method was developed. Also, research work was undertaken to investigate the effect

of moisture content and temperature on laser ultrasonic velocity measurements.
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3.2 Direct FOD Measurement Using an Image Analysis Method (B. Pufahl, IPST)

3.2.1 Introduction

A novel, dyed fiber based image system was developed to determine fiber orientation

distribution and evaluate the relationships between fiber orientation distribution and light

scattering measurements. Although other systems had been previously developed, including one

at IPST (Hess and Brodeur, 1996), these were based on older camera and lens technology and

required repeated and time consuming testing of samples to obtain accurate data. The goal of the

new system was to provide accurate automated fiber orientation measurements utilizing robust

data analysis techniques.

The system consists of a high resolution (1520x 1024 pixel) Kodak MegaPlus 1.61 camera

capable of 1O-bit (1024 levels) grayscale, a telecentric lens, a computer-controlled XY table, and

adjustable front and back lighting (see Figure 3.2.1). The camera was chosen due to its high

resolution and the fact that the pixels are square (9 gm by 9 gm) and have 100% fill factor (no

gaps between pixels). A camera of this type, in conjunction with a telecentric lens, guarantees

that the image being processed has not been modified by any of the elements in the imaging

system. The image is transferred from the camera, through a frame buffer, and into the IMAQ

for LabVIEW programming environment. A custom LabVIEW interface provides all system

control, including camera settings and XY table position.
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Ring Light

XYTable

Computer

Light Controls

Figure 3.2.1 Image analysis system.

Since the field of view of the camera is much smaller than the paper sample, 48 images

are captured for a single sample. These images are, in turn, split into six distinct areas during

Fourier processing. The software used to extract orientation information from each image

consists of two algorithms: one to improve signal to noise ratio; the other to process orientation

information. Signal to noise ratio improvement is achieved by automatically compensating for

lighting variations throughout images of the sample. In this regard, fixed thresholds are not

employed and the algorithm requires no input from the user for locating fibers. The final step in

the signal improvement algorithm is a morphological transformation that adjusts fiber width to 3
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pixels with pixel values of 255. This last step is necessary as variations in pixel intensity or fiber

width do not necessarily provide results that correlate to actual orientation.

The two dimensional Fourier transform of an image determines the spatial frequency of

particles (in this case, fibers) in the image (Pourdeyhimi, 1993). With this technique, high

frequencies correspond to fiber widths while lower frequencies correspond to the fiber lengths.

The Fourier technique is being utilized as a method to eliminate the need to segment fibers

(which is time consuming and does not address the issue of fiber curl), provide scalability to the

system (eliminates the need to change program settings dependent on image magnification),

provide higher resolution to the orientation data (actual measurements are recorded to within 0.5 °

before curve fitting), and provide a path to analysis of paper samples that do not contain dyed

fibers. Current processing of a sample of 48 images requires 19.5 minutes on an Intel Pentium

MMX 233MHz computer or 6.75 minutes on an Intel Pentium II 350MHz computer.

3.2.2 Image Analysis Results

A 15 cm by 15 cm paper sample containing dyed fibers was used for image analysis

testing. Due to the nature of the sample holder, the actual processed area was 14 cm machine

direction by 12.75 cm cross machine direction. The telecentric lens system used for testing

provided a resolution of 15 microns per pixel. A combination of transmitted and reflected light

was utilized to further enhance fibers that were embedded in the sheet. The ratio of this lighting

was approximately 3:1 reflected to transmitted light.

The original image of a paper sample with dyed fibers is shown in Figure 3.2.2. This image

is approximately 25% of the total image which is, in turn, 2.1% of the entire sample. The image

is then processed through the signal enhancing and morphological algorithms to produce the
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image in Figure 3.2.3. A Fourier transform is then performed on the processed image resulting

in the image in Figure 3.2.4 (note that Figure 3.2.4 does not necessarily correspond to the same

field of view of Figure 3.2.3). Finally, orientation data is gathered from the Fourier image and

graphed in Figure 3.2.5. This process is continued until all 48 images have been processed with

the result in Figure 3.2.6. For this sample, a total of 2,985 fibers were processed to provide the

orientation data (an average of 62 fibers per image). Figure 3.2.7 shows the orientation

distribution of all images within a sample. This technique is useful for determining the

uniformity of the sample and shows that, if a sample is indeed uniform, only 5 to 10 images are

needed to provide an average of fiber orientation distribution for the entire sample.

The resolution of the orientation data is a function of the angle measured. As the angle

approaches either machine direction or cross machine direction, the resolution of the processing

approaches 0.4 ° with a resolution of close to 0.75 ° at minimum resolution. The resolution of the

system can be further improved by interpolating the Fourier data to provide results to within

.10

In addition to reporting raw fiber orientation distribution, the software is also configured to

report constants related to cosine, von Mises, and wrapped Cauchy distribution functions. These

constants are used for determining amount of correlation between dyed fiber measurements and

light scattering measurements.
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Figure 3.2.2 Original image of dyed fibers.
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Figure 3.2.3 Enhanced signal to noise ratio.
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Figure 3.2.4 Fourier representation of enhanced image.

..r. "' ..... .. ii ............'...... '-..r

Figure 3.2.5 Fiber orientation distribution (FOD) for single image.



276

'" ''-. -. ' '

Figure 3.2.6 Fiber orientation distribution (FOD) for entire sample.
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3.3 Indirect FOD Measurement Using a Visible Light Scattering Method (J. Jong,
J. Gerhardstein, IPST)

3.3.1 Introduction

Previous studies have shown that the geometrical fiber orientation distribution (FOD) as

typically measured using the image analysis of dyed fibers can indirectly be determined using a

visible light scattering method (Kohl and Hartig, 1985; Niskanen and Sadowski, 1987). This

approach is of course suitable for determining the fiber orientation distribution in machine-made

paper. Silvy (1982) provided an analysis of the relation between the geometrical fiber

orientation distribution and light scattering distribution of fiber orientation.

In this work, we are interested in further investigating light scattering measurements first in a

transmission mode, then in a reflection mode. Light scattering results are fundamental to

determining information about paper structure that is independent of built-in stresses. A detailed

concept of the light scattering method is well documented by Kohl and Hartig (1985), Syre and

Hagen (1995), and Ishisaki (1997). Also Niskanen and Sadowski (1987) suggested that the light

scattering gave a reliable measurement of fiber orientation based on the samples ranged from 60

g/m 2 to 180 g/m2.

In a typical light scattering method, a circular laser beam is focused on the surface of the

sample, some of the light is scattered and diffused along the in-plane direction and the rest is

transmitted through the z-direction of the paper. The light scattering occurs preferably in the

direction of oriented fibers. Therefore, the resulting shape of the transmitted light becomes

elliptical with the major axis oriented in the direction of the fiber orientation. The Max/Min
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FOD anisotropy ratio can also be determined from the ratio of the major to minor axis of the

ellipse. For a handsheet, the shape of the light should be circular due to random fiber orientation.

3.3.2 Experimental Methodology

A schematic diagram of the light scattering experimental setup for the transmission

configuration is shown in Figure 3.3.1. A 150 mW Ar:ion laser at 514.5 nm is used as the light

source. The beam exiting the laser is not particularly round or clean. So upon leaving the laser,

it is sent through a spatial filter consisting of a lox microscope objective which focuses the laser

to the aperture of a 20 rim pinhole, and a 6.4 mm focal length collimating lens placed on the

other side of the pinhole which re-collimates the beam. After the spatial filter, an iris is used to

remove diffraction rings from around the primary beam, followed by a neutral density filter that

can be used to attenuate the beam if the CCD becomes saturated. Following the filter, the beam

is focused to a point on the paper sample with a typical spot size 1 mm in diameter. Care must

be taken with the laser as to not bum holes through the sample. A CCD camera on the back side

of the sample records the shape of the transmitted light. A computer which controls the CCD

camera performs image analysis in order to extract the information of interest. This allows the

computer to save only the information of interest for each spot instead of a large image file.

The sample is mounted in an XY table which is controlled by the same computer which

operates the CCD camera. Custom software written in LabVIEW allows the computer to scan a

sample and take an array of measurements without operator intervention.
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Figure 3.3.1 Schematic diagram of the light diffusion setup in transmission
configuration.

Typical image analysis for the transmitted light is shown in Figure 3.3.2 a-f. Step a shows an

example of a raw image. This image is thresholded to produce the binary image shown in b.

The edge of the image in b is quite rough and the image contains points which are not connected

to the largest object. In order to clean up the image, a closure is performed and shown in c. An

edge detection routine is run, and leaves only the edge points around the ellipse, as shown in d.

The edge points are extracted from the binary image and form an array in Cartesian space, e. A

curve fit to any of a number of functions can then be performed. The curve fit in f is the cosine

distribution.

A set of thirteen measurements is taken on each sample in the pattern shown in Figure 3.3.3°

The first set of measurements was taken with MD facing vertically. The second set of

measurements was obtained after the sample was rotated 90 ° counterclockwise for verification of

the first set of data. Sample size was 18 cm by 18 cm.
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a) The original image, b) After thresholding, c) After closure.
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d) After edge detect, e) After extracting, f) After curve fit.

Figure 3.3.2a-f Images through the analysis process, a) raw gray scale image from
camera; b) binary image formed from thresholding a; c) after closure is performed on b
to clean up the edge; d) only the edge points are then kept; e) edge points are extracted
from the image into Cartesian space; f) curve fit to the points in e, in this case the cosine
distribution. Ishisaki, 1997.
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Figure 3.3.3 Location of the measured points with light scattering technique' each
measured point is indicated by the star and the corresponding number.

To quantify the results, three mathematical functions can be used to characterize the fiber

orientation distribution' the cosine function, the von Mise Function and the wrapped Cauchy

function as follows (Baum et al., 1984; Schulgasser, 1985)'

® Cosine Distribution Function ·

f ({b- 8) - a0 '(1 + al cos[2(0- 8)] + a2cos[4({b- 0)]) (1)

® Von Mises Distribution Function ·

f (q3-O)- ao . Exp[a_cos[2(0-8)]]/(;r .I0(a _)) (2)

® Wrapped Cauchy Distribution Function ·

21-a

f(q3-8)-ao' 2 1 (3)
1 + a_ - 2a_cos[2(O - O)]
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where ao,a_and a2 represent shape parameters that fit raw fiber orientation data, I0(a_)(in

Equation 2)is a modified Bessel function of the first kind and zeroth order, ¢ is the independent

variable (the measured angle), and 0 is the angle of fiber orientation deviated from MD.

Schulgasser (1985) made a comparison of the three distribution functions. He reported that

the wrapped Cauchy distribution would best fit the fiber orientation mechanism involved in a

papermaking process because of the rapid process which fibers in the headbox undergo as they

leave the slice and deposit on the fast moving wire. This argument still requires experimental

verification.

3.3.3 Results

Figure 3.3.4 (a) shows an example of a light scattered image on a calibrated sample

generated by a dynamic sheet former. The sample was originally prepared by Ishisaki (1997).

The fiber orientation angle of the sample is initially known to be 0 ° and is compared with the

current results to verify the accuracy of the light diffusion setup. The nominal stiffness

anisotropy ratio R of the sample was 2.8. The grammage was 100 g/m2. Figures 3.3.4 (b), (c)

and (d) show the curve fitted shapes in polar coordinates obtained by regression using the cosine

function, the Von Mise function, and the wrapped Cauchy function distributions, respectively.

The scattered image from location 1 (see Figure 3.3.3) with MD vertical was arbitrarily chosen.
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Figure 3.3.4 Example of the light scattered image on a calibrated sample made by a

dynamic sheet former and the curve-fitted shapes using the cosine function, the von

Mise function, and the wrapped Cauchy function distributions. An arbitrary image at

location I (see Figure 3.3.3) with MD vertical was selected. The sample had a grammage
of 100 g/m 2 and a nominal stiffness anisotropy ratio R of 2.8.
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All three distribution functions in Figure 3.3.4 predict the fiber orientation angles reasonably.

Schulgasser (1985) suggested that the wrapped Cauchy distribution would best fit the fiber

orientation mechanism involved in a papermaking. The results in Figure 3.3.4 neither support

nor refute this statement.

Table 3.3.1 describes the results obtained by the light scattering method for all 13 position on

the calibrated sample with R=2.8. The fiber orientation angles are obtained from the three

function distributions and the averages are calculated. The Max/Min anisotropy ratio is

calculated based on the regression from the cosine function. The table shows that the three

functions predict similar orientation angle based on the averages. It is interesting to see that the

angles measured at certain positions (e.g. 2, 8, 10) are more orientated than the others. This

suggests that the fiber orientation distribution varies locally depending on the local

characteristics at the time of papermaking. It is practical with the current equipment to

investigate a whole profile of the fiber orientation distribution along CD, so that any local

characteristics can be detected.

The light diffusion method was also applied to machine-made samples. It was observed that

the effect of local orientation distribution was strongly present. For example, in copy paper, the

local fiber orientation angles varied from-20 ° to +20 °. This local variation was also present in

other machine-made samples. Nevertheless, as long as the measurements are averaged

sufficiently, the global fiber orientation distribution measured by the current light diffusion

technique should compare well with more traditional FOD measurements (which perform

measurements over large areas), such as with dyed fibers.
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Table 3.3.1 Fiber orientation measurements on the calibrated sample with R=2.8:
Fiber orientation angles are based on the curve fitted results using the cosine, the von
Mise, and the wrapped Cauchy function distributions. Averages of the three angles are
computed for each measured point. Averages for each function are also calculated.

Fiber Orientation Angles deviated from MD (degrees)
Measured Max/Min

Cosine Von Mise Wrapped Average
Location AnisotropyRatio Cauchy

i 1 1.22 -1.29 -1.52 -1.46 -1.42

2 1.27 -6.19 -6.27 -6.24 -6.23

3 1.25 -0.44 -0.37 -0.45 -0.42

4 1.18 -1.47 -1.03 -1.12 -1.21

5 1.17 -3.60 -2.14 -2.35 -2.70

6 1.24 3.91 3.93 4.04 3.96

7 1.24 2.77 0.11 0.35 1.08

8 1.23 11.59 11.97 11.83 11.80

9 1.20 -4.33 -4.32 -4.33 -4.33

10 1.14 -9.69 -9.91 -10.03 -9.88

i 11 1.28 -1.44 -0.77 -0.89 -1.03

12 1.20 2.66 2.62 2.51 2.60

13 1.23 4.37 4.73 4.66 4.59

Average 1.22 -0.24 -0.23 -0.27 -0.25
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The light diffusion technique is in the process of being upgraded for on-line application.

During the next phase of the project, the light diffusion in the reflection mode will also be

developed.
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3.4 Effects of Moisture Content and Temperature on Ultrasonic Propagation in
Paper (Y. Berthelot, GIT)

3.4.1 Introduction

The objective of this research effort is to determine experimentally the influence of

temperature and moisture content on the propagation of ultrasound in paper. The motivation is

that one can determine important mechanical properties of paper samples from ultrasonic

measurements (e.g., Baum, 1987) but the influence of temperature and moisture must be

accurately determined before attempting to characterize the paper. This is especially important

in the context of on-machine measurements because corrections must be applied to the velocity

measurements. This research was originally planned for Phase II of the project, but considering

the importance of these measurements, it was decided to initiate the work during Phase I.

The originality of the research lies in the experimental methodology, which should yield

some of the most complete and accurate data to date. The experimental approach is based on

laser ultrasonics (Scruby and Drain, 1990), a technique in which ultrasound is both generated and

detected by lasers. The method is quasi-noninvasive, noncontact, with point source and point

receiver precision. The technique is now well established and laser ultrasonics in copy paper has

been demonstrated as a useful laboratory technique for paper characterization (Johnson, 1996).
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3.4.2 Experimental arrangement

3.4.2.1 Overview

A sample is placed in a holder inside a controlled environmental chamber, as sketched in Figure

3.4.1. An Nd:YAG pulsed laser placed outside the chamber is used for generation of ultrasound. An

Argon'ion laser interferometer is used to detect the ultrasonic waveform. The detecting probe head is

inside the environmental chamber, close to the paper sample. An optical fiber is used to bring the

Argon:ion laser light in and out of the chamber.

H paper sample J

generation laser .Iai detection detection laser
(pulsed)

interferometer
photodetector,

A/R glass window controlled T, %RH processing and
ultrasonic waveform

Environmental chamber

Figure 3.4.1 Sketch of the experimental arrangement.
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3.4.2.2 Optical Generation

The generation laser is a Q-switched Nd:YAG with a 6 ns pulse duration and full energy of 460

mJ. The light is vertically polarized. The amount of energy actually delivered to the sample is

controlled by polarization optics. A sketch of the generation setup is shown in Figure 3.4.2. A

reflecting mirror is placed on a translation stage which provides a 13 mm scanning range over the

sample. It is easier to scan the generation spot with a fixed laser detection spot than the reverse.

translationstage Environrrental chamber

I convergirg lens
I I

0-'_ detection "

il I .......

sample

energy absorber

Nd:Yag laser (460 rrd 6 ns)

BS

Figure 3.4.2 Block diagram of the optical generation system.
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3.4.2.3 Detection Optics

The detection system is a standard Mach-Zehnder heterodyne interferometer. The laser is a CW

Argon:ion laser with an output of 1.7 W at 514.5 nm. A block diagram of the setup is shown in Figure

3.4.3. The vertically polarized light passes through an acousto-optic Bragg cell which splits the beam

into two parts: the signal beam, and the reference beam which is shifted by 40 MHz. The signal beam

is sent to the chamber via a multimode small core (50 gm) fiber. The light is coupled in and out of the

fiber by a miniature cylindrical lens with graded index of refraction (quarter pitch GRIN lens). The

light is focused to a tight spot on the paper sample (50 to 100 pm) by means of a microscope objective.

The polarization of the reference beam is shifted to horizontal with a quarter-wave plate and mirror

combination, and the signal is passed through a polarized beam splitter to direct it towards the mixer

where it interferes with the signal beam reflected from the sample_ The signal reflected from the

sample is Doppler shifted by the surface velocity component normal to the paper surface (out-of-plane

component). The signal and the reference beams interfere and produce a frequency modulated signal

whose carrier frequency is 40.0 MHz and with modulation directly proportional to the out-of-plane

surface velocity of the paper measured at the detection spot. The optical signal is detected by an

avalanche photodiode and it is demodulated by a standard FM discriminator. The signal is then

amplified and filtered, sent to a digital oscilloscope and transferred via a GPIB IEEE 488 interface to a

computer for data storage and analysis. Both the detection and the generation optics are placed on the

same 4' x 6' optical bench. A photograph of the generation/detection optical bench is shown in Figure

3.4.4.
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PBS 2_/4

Innova 90 Ar laser AO cell F--A .. I-I._ I_ mirror
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sample

×/4

mixer

pobjective (xlO) _ _photodetector
/

GRIN lenses and ultimodefiber. _,

Environ. Chamber FM demodulation

amplifier, filter, acquisition

Figure 3.4.3 Block diagram of the optical detection arrangement.
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Figure 3.4.4 Generation/detection optical bench.
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3.4.2.4 Chamber

The environmental chamber has interior dimensions of 16.5" x 20" x 15.75". The temperature

range is -12 °C to +93 °C, and the relative humidity ranges from 20% to 98% in the dry bulb range of

+20 °C to +85 °C as limited by a 3°C dew point. A photograph of the chamber is shown in Figure

3.4.5. The paper sample is placed in a holder similar to the ones used at IPST so as to standardize the

size of samples and the clamping technique. Moisture content in the sample is to be determined

experimentally by measuring the weight of the paper sample in the chamber and comparing with an

equivalent dry sample.

................... i " '"

· ii
, ._ _.:....;_¢_......

Figure 3.4.5 Environmental chamber.
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3.4.2.5 Data analysis

The data acquisition and analysis is based on previous work at Georgia Tech (Johnson, 1996). It

consists in the following steps'

· Acquire ultrasonic waveforms for each set of temperature and moisture content in MD and CD.

· Process data to obtain phase velocity versus frequency (dispersion curves)

· Obtain elastic constants Css and C ll (MD), and C44 and C22 (CD).

3.4.3 Status

The optical generation system is operational and the environmental chamber is on order. The laser

detection system is partially completed and should be fully operational before 9/30/98 so that

preliminary data on samples (without the chamber) can be obtained. The data acquisition system is in

place but it is being upgraded with LabVIEW.

The graduate Research Assistant position has not been filled at this point. It is anticipated that it

will be filled no later than early October 98.
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4 CONCLUSIONS

At the end of Phase I, we are proud to announce that all goals for the first year have been met

or exceeded, and the ultimate goal of the control of a paper machine appears reachable. These

goals included:

l. Laboratory demonstration of laser ultrasonic characterization of moving paper.

· Two web simulators capable of web speeds over 40 m/s plus flutter were built.

· Five different laser ultrasonic detectors were evaluated, including demonstrations on moving

paper at production speeds with three (Fabry-P_rot, photoinduced-EMF, self-mixing).

2. Development of image analysis and light scattering methodsfor fiber orientation distribution

(FOD) measurements.

· Design and building of a direct fiber orientation measurement instrument using dyed fibers in

paper.

· Investigation of a light scattering/transmission method to measure fiber orientation, including

comparison of different analysis methods.

In addition to these goals, other tasks (some from Phases II & III) were begun as well:

· Characterization of a wide range of samples as reference samples.

,, Investigation into using an optical scanner to reduce texture noise levels on moving paper.

,, Investigation of different laser wavelengths for efficient generation of ultrasound, including a

literature survey and experimental work.

· Beginning of evaluation of the effect of temperature and moisture on ultrasonic properties.
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These technologies are the basis to better understand the papermaking process. During Phase

II (years II and III), these technologies will be optimized and integrated together to make an

attempt at monitoring the papermaking process in a laboratory environment. Phase II will

involve extensive testing of the above technologies on moving paper, as well as beginning to

understand how they interact with the various papermaking variables. Phase II will culminate in

the demonstration of an on-line, integrated instrument demonstration in the laboratory.

This on-line laboratory instrument will be taken in Phase III to two mill demonstrations,

where single-point on machine measurements will be made during the fourth year of the project.

Phase III will focus on making the necessary modifications to the instrument to make it a robust

performer in the mill. The tradeoffs between economics and technical capabilities will be

evaluated, with the ideal of a capable yet cost effective instrument package as the final goal.
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Abstract (November 23, 1996)

A four-year R&D program is proposed to demonstrate, from laboratory- to on-machine prototype
level, a contactless method to monitor paper mechanical behavior on the dry end of a paper
machine. The measurement technique is based on laser ultrasonics principles. It involves laser
systems to excite and detect Lamb waves propagating in the plane of paper. Assuming that
appropriate Lamb wave velocity measurements are obtained, paper stiffness properties are
determined and used to predict mechanical properties of interest to the papermaker. The
proposed work goes beyond sensor development and addresses the simultaneous monitoring of
stiffness and fiber orientation distributions as a unique means to evaluate built-in stresses in
paper and provide information on basic processes such as wet pressing, wet straining, and
restrained drying. The project has three phases. Phase I investigates the capabilities of two laser
ultrasonics methods to determine paper stiffness on moving paper in a laboratory environment.
Phase II considers the development of a rugged prototype sensor for on-machine simultaneous
detection of stiffness and fiber orientation distributions. Also, decoupling of these distributions
and relationships to built-in stresses and papermaking processes are studied. Field evaluations of
the sensor technology in fine paper and linerboard mills are proposed during Phase III.

Background
The development of on-machine paper stiffness or "strength" sensors has been an on-going
process for over 25 years because mechanical properties are critical to the papermaking process,
converting operations, and end-use performance [ 1]. While the development of sturdy but
contact methods is at the center stage [2-16], contactless concepts did not receive full attention
even though they are far more desirable to the papermaker [ 17-21 ]. Merits of the latter methods
include elimination of potential damage to the moving web and monitoring of fine papers, coated
grades, and paperboards. Also, it is hypothesized that the availability of a contactless method
would simplify the development of full sheet inspection systems for paper stiffness. Assuming
that Lamb waves can be excited and detected in a noncontact manner using ultrasonic principles,
one distinguishes two different test approaches: air-coupled transduction and laser ultrasonics.

Air-coupled Transduction. Considerable progress has been made in recent years toward the
development of efficient air-coupled capacitive transducers, which are more sensitive and have a
larger bandwidth than air-coupled piezoelectric transducers [22]. These transducers are
relatively inexpensive. However, their utilization remains limited by the air medium itself:
sound absorption in air increases with frequency, sound velocity in air is temperature dependent,
and path lengths are sensitive to turbulence [23]. A resonance technique to induce and detect
Lamb waves using air-coupled transducers was successfully tested on stationary paper [ 17-18];
an on-line implementation is hardly possible because the transmitter-receiver assembly must be
rotated to get the maximum transfer of energy into the paper. Also, the sheet must be fairly thick
to excite Lamb waves (> 400 gm) [ 18]. A proposal considering the applicability to paper of air-
coupled capacitive transducers has been submitted to Agenda 2020 [24].

Laser Ultrasonics. The second approach, laser ultrasonics, considers the laser generation and
detection of Lamb waves. The discipline is now well-established [25] and applications exist in
the metal and plastic industries. Merits include point source excitation (ideal configuration for
detection of stiffness orientation distribution), absence of measurement artifacts due to the
coupling medium (insensitivity to air temperature and moisture, turbulence), uniqueness of
information, large bandwidth, and the availability of extensive R&D support. Also, it offers
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unique conditions for the simultaneous optical detection of the fiber orientation distribution.
Difficulties, which can be overcome as discussed below, relate to surface roughness dependency
(speckle averaging), sheet fluttering (also tree for air-coupled transduction), and complexity of
equipment. Three patents involving the use of lasers to generate Lamb waves in paper exist [19-
21 ]. However, contact transducers [19-20] and unproved optical deflectometry [21] are used for
detection. None of these patents considers optical heterodyne interferometry for detection as is
proposed here to enhance measurement sensitivity [26]. A formal demonstration of laser
ultrasonics on stationary paper was recently performed as part of a joint exploratory project
IPST-GIT [27-28]. Also, a fundamental study of Lamb wave propagation in copy paper using
laser generation and detection principles was recently completed [29-30].

It is the opinion of this research team that the laser ultrasonics approach offers an unmatched
compromise to the successful and meaningful development of a sensor technology for
continuous monitoring of paper mechanical behavior during papermaking. Its deployment is
challenging, but it should provide the necessary information to fulfill the needs of elaborate
papermaking control strategies.

Objectives

Phase I: Laboratory Demonstration

· To demonstrate a time domain laser ultrasonics method to determine paper stiffness on
simulated moving paper in a laboratory environment (IPST-GIT);

· To demonstrate a frequency domain laser ultrasonics method to determine paper stiffness on
simulated moving paper in a laboratory environment (INEEL);

· To redevelop an image analysis method to perform direct fiber orientation measurements
using dyed fibers (IPST);

· To investigate a light scattering method to infer fiber orientation distribution (IPST);
· To perform a preliminary assessment of the sensor technology (IPST-GIT-INEEL-

Honeywell Measurex).

Phase H: Demonstration of On-machine Prototype System

· To design and build a rugged prototype instrument for on-machine simultaneous detection of
stiffness and fiber orientation distributions (IPST-GIT-INEEL-Honeywell Measurex);

· To develop a method to decouple stiffness and fiber orientation distributions and evaluate
built-in stresses in paper as a function of basic papermaking processes (IPST);

· To demonstrate the on-machine sensor technology using IPST's Web Handling System
(IPST).

General Experimental Approach
Referring to Fig. 1, when a normally incident pulse of light from a focused laser beam is
absorbed by the paper, localized heating and accompanying thermal expansion occur in the
network of cellulosic fibers. This leads to the formation of plate waves (Lamb waves)
propagating in the plane of paper from the point of illumination. Excessive laser pulse power
density can be detrimental to the paper (burning effect) and wave excitation (poor coupling).
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However, these problems can be prevented by optimizing beam diameter, pulse energy, pulse
width, and wavelength. Fig. 2 depicts a microscopic view of a single laser shot on a linerboard
sample, as obtained using a pulsed Nd:YAG laser in the IPST-GIT work. There is a slight
"bleaching" effect not visible to the naked eye. One would expect source optimization to reduce
or eliminate this effect.
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Fig. 1 Laser ultrasonics measuring principles. Fig. 2 Microscopic view of a single
laser shot on brown paper.

Propagating Lamb waves in the paper are detected at some other point along the paper surface as
shown in Fig. 1. Both the fundamental dilatational (S0) and bending (A0)modes for Lamb waves
exist. They can be measured directly by recording the surface displacement in the time domain
using optical heterodyne interferometry. Out-of-plane and in-plane surface displacement
detection systems were used in the IPST-GIT project. Fig. 3 shows a typical normalized out-of-
plane surface displacement recording for copy paper. The first pulse is a noise signal attributed
to the firing of the YAG laser; it can be eliminated. The second and third signals correspond to
the SOand A0modes, respectively. Similar recordings were obtained using the in-plane surface
displacement detection system. As expected, the SOmode is nondispersive [29].
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Fig. 3. Lamb waves in copy paper using Fig. 4 Somode contactless velocity vs.
out-of-plane motion detection system, contact velocity for different grades.

Using a pair of polarized contact bimorph transducers operated at 80 kHz (low frequency limit of
SOmode) [31], MD and CD longitudinal velocities were obtained for different paper grades.
Similarly, MD and CD velocities were evaluated for the laser ultrasonics SOmode. Results are
displayed in Fig. 4. Considering that the test equipment was far from being optimized, it is
remarkable that both data sets correlate so well. Specific planar longitudinal stiffnesses Q_/p
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and Q22/Pcan be evaluated by squaring MD and CD velocities, respectively (p is the apparent
density of paper). From the dispersion analysis of the A 0mode, specific out-of-plane shear
stiffnesses C55/p(MD-ZD) and C44/p(CD-ZD) can be determined. The recent measurement of
C55/pand C44/p for copy paper was a premiere [29] because out-of-plane shear testing (using
contact method) is not recommended for paper grades less than 100 _tm thick [32].
Since laser ultrasonics enables the simultaneous detection of Q22/P and C44/Q (along CD), it
provides a unique means to predict CD compressive strength for linerboard [1]. Moreover, it
eliminates the need for different in-plane and out-of-plane technologies, thus optimizing data
accuracy and contributing to cost reduction. One should mention that the rationale for
performing in-plane and out-of-plane measurements steams from the fact that in-plane
measurements do not provide sufficient information to discriminate between effects of fiber
orientation and papermaking processes such as wet straining, restrained drying, and calendering;
out-of-plane measurements are insensitive to fiber orientation, but sensitive to papermaking
processes [ 1].

Assuming that laser detection is performed at different angles with respect to MD, the stiffness
orientation distribution (either SOor A0 mode) can be obtained. Since it is known that the
ellipticity of a laser beam passing through paper best correlates to direct fiber orientation testing
using dyed fibers [33], an integrated sensor aimed at detecting scattered light from the source
laser can be used to infer fiber orientation distribution, and hence, provide information on the
degree of geometric anisotropy (insensitive to moisture and built-in stresses). It is hypothesized
that the simultaneous detection of the stiffness and scattered light-inferred fiber orientation
distributions can be used to determine built-in stresses in paper, and hence, gather genuine
information on wet pressing, wet straining, and restrained drying; dimensional stability
monitoring is also possible. A comparative analysis of fiber and stiffness orientation angles was
recently performed for different wet straining and restrained drying conditions [34]. Also, a
preliminary theoretical analysis of decoupling of stiffness and fiber orientation distributions was
recently accomplished [35]. A ragged and compact commercial fiber-optic interferometer has
been demonstrated [36].

Frequency domain analysis, an alternative approach to the time domain detection method, excites
Lamb waves continuously with a modulated laser beam. The resulting surface displacement is
recorded synchronously by a photodetector. This frequency domain method, developed by
INEEL, utilizes the photorefractive effect in select materials [37-38]. This effect utilizes the
optical interference pattern obtained when scattered light and a reference beam mix in the
photorefractive crystal causing a redistribution of electronic charge. The charge distribution
"mirrors" in real-time the amplitude and spatial pattern of the surface displacement. This method
is capable of imaging directly the anisotropic propagation of the A 0mode; and perhaps the SO
mode as well depending on ultimate sensitivity. The frequency domain technique discriminates
between the SOand A 0modes by spatial pattern rather than by time delay as in the time domain
method. Most importantly, the photorefractive effect (particularly the INEEL technique) has
been proven to accommodate speckle from surface roughness [39]. It has not yet been tested on
paper.
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Statement of Work

Tasks for Phases I and II are as follows'

Phase I: Laboratory Demonstration

I. 1 Experimental Design (All Partners)

A meeting will be held at IPST very early in the project to brainstorm the proposed work. A
work plan for Phases I and II will be developed and expectations for all partners will be clearly
defined.

1.2 Laboratory Demonstration of Time Domain Laser Ultrasonics Method (IPST-GIT-H.M.)

A fully-dedicated time domain laser ultrasonics setup will be developed by IPST in collaboration
with GIT and Honeywell Measurex. This setup will be installed at IPST in a TAPPI conditioned
laboratory. It will be used to optimize laser generation and detection of Lamb waves on selected
non-moving and moving paper samples. A variable-speed, rotating/translating drum will be
developed by Honeywell Measurex to simulate moving paper and sheet fluttering [Note' a
duplicate system will be built for use by INEEL - Task 1.3].

The source laser will be a 200 mJ pulsed Nd:YAG operating at 1064 nm. Built-in frequency
doublers will be used to perform additional observations at 532 and 455 nm, and hence,
investigate Lamb wave excitation as a function of wavelength. An all solid-state, ragged 5 W
CW Nd:YVO4 (Nd:Vandanate) laser operating at 532 nm will be used for detection [Note: since
the delivery time for this laser may be as much as 6 months, a CW Ar:ion laser will be supplied
on a temporary basis at no additional cost to the project]. It is expected that the solid-state laser
(long-life expectancy, small foot-print, no cooling system) will be used for the full duration of
the project. Out-of-plane and in-plane detection systems will be implemented. Two high-speed
A-to-D boards will be used for simultaneous detection of a minimum of two signals (e.g. MD
and CD velocities). LabVIEW-based software will be developed for data acquisition and
control. Non-Gaussian optics and active optical tracking will be examined to compensate for
low frequency vibrations and sheet fluttering. While the emphasis will be on dry paper, wet
paper testing will be explored.

A full-time postdoc will be hired by IPST to perform the laser ultrasonics work; he will be
assisted by a part-time IPST research engineer (Joe Gerhardstein). Both individuals have laser
ultrasonics background. Consulting services on the fundamentals of wave propagation in paper
will be provided by Prof. Charles Habeger from IPST. Consulting services on laser ultrasonics
principles will be provided by Prof. Yves Berthelot from GIT. In order to facilitate technology
transfer (2), Honeywell Measurex will delegate personnel to IPST at regular intervals.
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1.3 Laboratory Demonstration of Frequency Domain Laser Ultrasonics Method (INEEL)

INEEL will modify its existing frequency domain laser ultrasonics setup to perform noncontact
measurements on non-moving and moving paper samples supplied by IPST. It will investigate
the use of different source lasers available at INEEL to optimize Lamb wave generation. Also,
photorefraction will be explored as a means to compensate for paper surface roughness. INEEL
research work will be under the supervision of Drs. Ken Telschow and Vance Deason.

1.4 Development of Image Analysis System for Direct Fiber Orientation Testing (IPST)

IPST will redevelop its automated image analysis system for direct fiber orientation to eliminate
technical limitations, improve measurement accuracy, and improve processing time. The new
system will be built around a 1024 x 1024 digital camera with square pixels. It will enable rapid
testing of precision-made oriented sheets with a small percentage of dyed fibers (visible and/or
fluorescent). Visible and ultraviolet light sources will be installed. The imaging system will
used throughout the project to perform reference fiber orientation measurements. A part-time
research engineer with an image analysis background will be hired by IPST to develop the
system.

1.5 Development of a Light Scattering Method to Infer Fiber Orientation (IPST)

A light scattering method to infer fiber orientation distribution will be developed. Forward
scattering and wire/felt backscattering modes will be investigated. An existing 150 mW Ar:ion
laser available at IPST will be used for experimentation. The method will be developed in the
context of the simultaneous detection of stiffness and fiber orientation distributions (Task II. 1).
A full-time postdoc will be hired by IPST to perform the work. It is expected that this individual
will gain expertise on paper physics fundamentals and initiate preliminary work toward the
development of a model to decouple stiffness and fiber orientation distributions (Task 11.3).

1.6 Identification of Paper Company for Field Trials (IPST)

IPST will seek the participation of a paper company (may be two) for the field evaluation study
to be performed during Phase III.

1.7 Preliminary Assessment of Sensor Technology (All Partners)

A preliminary assessment of the sensor technology will be made by all partners. Pluses and
minuses of the time and frequency domain detection methods will be reviewed. The most likely
successful technology for an on-machine implementation will be determined (it could be a
combination of both methods). A report detailing results of Phase I will be prepared and
submitted to the Department of Energy and AF&PA Sensors and Controls Operating Task
Group.
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Phase H: Demonstration of On-machine Prototype System

II. 1 Development of an On-machine Prototype Instrument (All Partners)

An on-machine prototype instrument aimed at monitoring stiffness and fiber orientation
distributions in a simultaneous manner will be developed according to the research findings
obtained during Phase I. All partners will contribute and Honeywell Measurex will provide
expertise on on-line instrumentation. Sub-systems will be developed at IPST (in collaboration
with GIT), INEEL, and Honeywell Measurex. The sensor technology will be designed as a
stand-alone, portable system capable of surviving harsh paper mill conditions.

I1.2 Fundamentals of Lamb Wave Propagation in Paper (IPST)

The experimental setup developed at IPST during Phase I will be used to further understand the
propagation of Lamb waves in paper. Also, laser generation and detection of out-of-plane bulk
waves will be explored as a further means to discriminate in-plane stiffness dependency on fiber
orientation from processes such as wet straining and restrained drying. Prof. Charles Habeger
will focus his attention to this aspect of the project.

11.3 Development of Stiffness/Fiber Orientation Decoupling Method (IPST)

IPST will engage in a paper physics research program to develop a method to decouple stiffness
and scattered light-inferred fiber orientation distributions and determine built-in stresses in paper.
The method will consider on-machine parameters such as grammage and moisture. Effects of
processes such as refining, wet pressing, wet straining, and restrained drying will be addressed.
A series of laboratory oriented handsheets will be prepared using a dynamic sheet former
available at IPST. A computer-controlled biaxial straining/drying apparatus will be used to
simulate different wet straining and restrained drying conditions. The method will be
implemented and tested on the prototype instrument. The postdoc hired during Phase I to
conduct light scattering experiments will perform the above work. He will be partially assisted
by the research engineer hired to develop the imaging system.

11.4 System Integration (All Partners)

The on-machine system will be integrated at IPST. A series of preliminary tests will be
performed on IPST's web handling system using different paper grades.

11.5 Assessment of On-machine Sensor Technology (All Partners)

An assessment of the technology will be made by all partners. Technical issues for field trials to
be conducted during Phase III will be considered. A report detailed results obtained during
Phase II will be prepared and submitted to the Department of Energy and AF&PA Sensors and
Controls Operating Task Group.
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Deliverable:

Laboratory-demonstrated, contactless real-time sensor technology to monitor paper mechanical
behavior during papermaking.

Benefits to the Industry
Benefits are pulp usage optimization (less fiber usage and/or better use of virgin/reclaimed
fibers), reduction of energy consumption (less refining and/or less repulping/remanufacturing),
monitoring of papermaking processes, product quality optimization, and basis for manufacturing
strategies prioritizing mechanical properties and de-emphasizing grammage and thickness (may
imply fiber usage reduction while meeting targeted strength properties).
Schedule

Tasks(Months) 3 6 9 12 15 18 21 24 27 30 33 36

I. 1 Exp. Design / All Partners ->
1.2 Time Domain Method / IPST-GIT-HM ....... >

1.3 Frequency Domain Method / INEEL ....... >
1.4 Image Analysis Method/IPST -- ->
1.5 Light Scattering Method / IPST ....... >
1.6 Mill Identification / IPST ..... >

1.7 Preliminary Assessment/All Partners ->
II. 1 On-Machine Instrument/All Partners ............. >

11.2Lamb Wave Study /IPST ....... >
11.3Decoupling Method / IPST ............... >
I1.4 System Integration / All Partners ..... >
I1.5 Assessment/All Partners -- ->

! ii

Detailed Budget (see attached forms)
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7 APPENDIX B - STATEMENT OF WORK - TIME SCHEDULE

STATEMENT OF WORK

(Revised April 13, 1998)

Phase I: Laboratory Demonstration (Sept 15, 1997 - Sept 14, 1998)

Experimental Design (IPST, INEEL, HMX)

A meeting will be held at IPST very early in the project to brainstorm the proposed work. A
work plan for Phases I and II will be developed and expectations for all partners will be clearly
defined.

Evaluation of Single-point Photorefractive Method (IPST)

Development of Laser Ultrasonics Setup

A fully-dedicated time domain laser ultrasonics setup will be developed by IPST in collaboration
with INEEL for demonstration experiments. This setup will be installed at IPST in a TAPPI
conditioned laboratory. It will be used to investigate laser generation and detection of Lamb
waves on selected non-moving and moving paper samples. While the emphasis will be on dry
paper, wet paper testing will be explored if time permits.

The source laser will be a 200 mJ pulsed Nd:YAG operating at 1064 nm (repetition rate: 20 Hz).
Frequency doublers will be used to perform additional observations at 532 and 355 nm, and
hence, investigate Lamb wave excitation as different wavelengths.

Two lasers will be used for detection. First a temporary 2 W CW Ar:Ion laser will be used to
perform preliminary experiments at 514 nm. Then, a 600 mW diode-pumped solid-state single-
frequency infrared laser system (1064 nm) will be used on a more permanent basis.

Single-point detection using a photorefractive interferometric system will be the preferred
method for Lamb wave detection (Test Method #1).

Development of Web Simulators (2)

Two identical web simulators to be used by IPST and INEEL (see Tasks 1.4 and 1.5) will be
developed to simulate moving paper at different machine speeds and sheet fluttering condtions.
The systems will be computer-controlled and capable of machine speeds up to 3000 ft/min (to be
upgraded to 7000 ft/min during Phase II). Also sheet fluttering simulation at frequencies up to
70 Hz will be possible.
Development of Test Station for Non-moving Paper Measurements
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A dedicated system using an X-Y table will be built to support samples for non-moving paper
experiments to be conducted at IPST.
Sample Collection, Preparation, and Characterization

IPST will collect, prepare, and characterize different paper samples for testing using IPST and
INEEL equipment.

Evaluation of Commercial Laser Ultrasonics Systems (IPST)

IPST will evaluate two commercial systems using different laser ultrasonics detection principles
(Test Methods #2 and/,'3).

Evaluation of Fabry-P6rot Interferometer (INEEL)

INEEL will use an existing Fabry-Pdrot interferometer for experiments on non-moving and
moving paper samples (Test Method #4).

Evaluation of Photorefractive Imaging Method (INEEL)

INEEL will modify its photorefractive imaging system (frequency domain) laser ultrasonics
setup to perform non-contact measurements on non-moving and moving paper samples supplied
by IPST (Test Method #5).

Image Analysis System for Direct Fiber Orientation Testing (IPST)

IPST will redevelop its automated image analysis system for direct fiber orientation to eliminate
technical limitations, improve measurement accuracy, and improve processing time. The new
reference system will utilize a digital camera with square pixels. It will enable rapid testing of
laboratory oriented sheets with a small percentage of dyed fibers.

Development of Light Scattering Method (IPST)

A light scattering method to infer fiber orientation distribution will be developed. Forward
scattering and wire/felt backscattering modes will be investigated. An existing 150 mW Ar:ion
laser available at IPST will be used for experimentation.
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Laser Ultrasonics Investigation of Moisture & Temperature Effects - Part 1 (GIT)

GIT will begin during Phase I the development of a laser ultrasonics test method to investigate
the effects of moisture and temperature on different non-moving paper samples supplied by
IPST. A special temperature/relative humidity controlled chamber will be built. A Mach-
Zehnder interferometric setup will be used for detection. This investigation will continue during
Phase II. Results will be used to correct for moisture/temperature variations.

Mechanical Behavior of Paper Vs. Papermaking Variables - Part 1 (IPST)

In parallel to technology development, IPST will engage in a substantial paper physics research
effort to investigate relationships between paper stiffness properties and papermaking variables.
Several paper parameters will be considered in addition to stiffness (e.g., grammage, fiber
orientation, moisture/temperature). Also several papermaking variables will be considered (e.g.,
refining, jet-to-wire ratio, wet pressing, wet straining, restrained drying). This effort will
continue during Phase II and the ultimate objective is to devise a preliminary semi-empirical
model to be tested during Phase III. Two variants of the model will be developed for copy paper
and linerboard.

Preliminary Assessment of Sensor Technology (IPST, INEEL, HMX)

A preliminary assessment of the five laser ultrasonics test methods investigated during Phase I
(Tasks 1.2.1, 1.3, 1.4, 1.5) will be made to determine the most likely successful technique for on-
machine implementation.

Phase I Report (IPST, INEEL, GIT, HMX)

A report detailing the research work performed during Phase I will be prepared and submitted to
Honeywell-Measurex and the Department of Energy.
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Phase II: Demonstration of On-machine Prototype System (Sept. 15, 1998 -
Sept. 14, 2000)

Identification of Paper Machines for Mill Trials (IPST and HMX)

Very early during Phase II, contacts will be established with paper companies to identify two

industry partners for mill trials to be conducted during Phase III. It is envisioned to perform mill
trials using copy paper and linerboard machines (see Phase III).

Development of On-machine Prototype System (IPST, INEEL, HMX)

An on-machine prototype instrument aimed at simultaneous monitoring of stiffness and fiber
orientation information will be developed according to the research findings obtained during
Phase I. All partners will contribute and HMX will provide expertise on on-machine
instrumentation. Sub-systems will be developed at IPST, INEEL, and HMX. The sensor
technology will be designed as a stand-alone, portable system capable of surviving harsh paper
mill conditions.

Fundamentals of Lamb Wave Propagation in Paper (IPST)

The experimental setup developed at IPST during Phase I (Task 1.2.1) will be used to further
understand the propagation of Lamb waves in paper. Also, laser generation and detection of out-
of-plane bulk waves will be explored as an attempt to get additional information for the
modeling effort initiated during Phase I (Task 1.9).

Laser Ultrasonics Investigation of Moisture & Temperature Effects - Part 2 (GIT)

The investigation of moisture/temperature effects on paper stiffness properties will continue
during Phase II (see Task 1.8).

Mechanical Behavior of Paper Vs. Papermaking Variables - Part 2 (IPST)

The investigation of relationships between paper stiffness properties and papermaking variables
initiated during Phase I will continue during Phase II (see Task 1.9).

System Integration (IPST)

The on-machine prototype system will be integrated at IPST. The system will include a
preliminary version of the software to relate paper stiffness properties to papermaking variables.
Preliminary trials will be performed at IPST using the web simulator built during Phase I.
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Assessment of On-machine Prototype System (IPST, INEEL, HMX)

An assessment of the prototype system will be made. Technical issues for mill trials will be
considered.

Phase II Report (IPST, INEEL, GIT, HMX)

A report detailed results obtained during Phase II will be prepared and submitted to HMX and
the Department of Energy.

Phase III- Mill Trials (Sept. 15, 2000 - Sept. 14, 2001)

Mechanical Behavior of Paper Vs. Papermaking Variables - Part 3 (IPST)

The investigation of the relationships between paper stiffness properties and papermaking
variables will be continued during Phase III.

Mill Trials (IPST, INEEL, HMX)

The prototype system built during Phase II will be used for mill trials. It is proposed to perform
two successive four-month mill trials using copy paper and linerboard machines.

Exploratory Analysis of Process Control Strategies (IPST and HMX)

In preparation for future work, IPST and HMX will perform an exploratory analysis of process
control strategies relying on the use of laser ultrasonics monitoring technology.

Final Technology Assessment (IPST, INEEL, HMX)

A final technical/economical assessment of the technology will be performed.

Technology Transfer (IPST and HMX)

IPST will transfer the technology to Honeywell-Measurex.

Phase III Report (IPST, INEEL, HMX)

A final report will be prepared and submitted to Honeywell-Measurex and the Department of
Energy.
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TIME SCHEDULE

PHASE PHASE PHASE
I II III

TASKS Year1 Year2 Year3 Year4
Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

1.1ExperimentalDesign
1.2 Eval. of Single-Point Photorefractive Method - - -
1.2.1 Development of Laser Ultrasonics Setup - - -
1.2.2 Development of Web Simulators (2) - - -
1.2.3Developmentof Test Station - -
1.2.4 Sample Collection, Preparation, and Charac. - -
1.3 Evaluation of Commercial L.U. Systems - -
1.4 Evaluation of Fabry-Perot Interferometer - - -
1.5 Evaluation of Photorefractive Imaging Method - -
1.6 Image Analysis Syst. for Direct Fiber Orient. - -
1.7 Development of Light Scattering Method - - -
1.8 L.U. Invest. of Mois. & Temp. Effects - Part 1 - -
1.9 Mech. Beh. of Paper Vs. Paperm. Var.- Part 1 - -
1.10PreliminaryTechnology Assessment
1.11PhaseIReport
2.1 Identific.of Paper Machines for Mill Trials
2.2 Devel. of On-machine Prototype System ......
2.3 Fundamentalsof LambWave Propagation ......
2.4L.U.Invest.of Moist.& Temp.Effects- Part2 ........
2.5Mech.Beh. of PaperVs.Paperm.Var.- Part2 ........
2.6SystemIntegration - - -
2.7 Assessment of On-machine Prototype System
2.8PhaseIIReport
3.1Mech.Beh.ofPaperVs.Paperm.Var.- Part3 - -
3.2MillTrials(FinePaperandLinerboardMills) - - -
3.3Explor.AnalysisofProcessControlStrategies - -
3.4FinalTechnologyandEconomicAssessment
3.5TechnologyTransfer

3.6FinalReport






