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CONTINUOUS REFERENCING FOR
INCREASING MEASUREMENT PRECISION
IN TIME-DOMAIN SPECTROSCOPY

FIELD OF THE INVENTION

The present invention generally relates to time-domain
systems and methods and specifically to techniques for time-
domain spectrometers that enable the sample pulses’ phase
and amplitude to be tracked and corrected by means of refer-
ence pulses thereby significantly increasing the measurement
precision of time-domain spectrometers.

BACKGROUND OF THE INVENTION

Time-domain systems are important analytical tools for
measuring properties ol an object. Recently, terahertz sys-
tems known as terahertz time-domain spectrometers (1Hz-
TDS)have been developed. These systems often use visible to
near-infrared laser pulses each lasting only 10 to several
hundred femtoseconds to electromagnetic pulses (“T-rays™)
that each last for about a picosecond. T-rays can be transmit-
ted through various objects, using an 1maging system of
lenses and mirrors to focus or collimate the T-rays. As the
T-rays pass through the object under test, they are typically
distorted. These changes 1n the T-ray signals can be analyzed
to determine properties of the object. Materials can be char-
acterized by measuring the amounts of distortion-from
absorption, dispersion and reflection-of the T-rays passing
through to a detector. A digital signal processing system takes
the digitized data from the THz detector and analyzes the data
in either the spectral or temporal domain.

Because many compounds change T-rays 1n characteristic
ways (€.g., absorption or dispersion), molecules and chemical
compounds show strong absorption lines that can serve as
“fingerprints” of the molecules. T-ray spectroscopy can dis-
tinguish between different chemical compositions 1nside a
material even when the object looks uniform 1n visible light.
A terahertz sensor for instance can be employed to measure
caliper, moisture, and basis weight of paper whose thickness
1s stmilar to the wavelengths of T-Rays.

The precision of amplitude and phase measurements in
time-domain (terahertz) spectroscopy (1THz-TDS) 1s often
limited by noise in the system. It has been demonstrated that
the dominant types of noise present in THz-TDS are often
time base and amplitude jitter characterized by pulses travel-
ing through the same material (or air) which reach the detec-
tor at shightly different times and with slightly different
amplitudes due to fluctuations in environmental parameters
(c.g., temperature fluctuations or vibrations) or hardware
errors (e.g., encoder errors 1n the delay line). In some specific
THz-TDS systems, jitter makes a significant contribution to
the noise and therefore limits the measurement precision of
the system. In other THz-TDS systems, 1t 1s the multiplicative
noise (1.e., amplitude noise), which comes primarily from the
laser that 1s the main source of imprecision.

Prior art endeavors to reduce the adverse effects of jitter
focused on controlling environmental parameters such as

temperature and minimizing vibrations. In addition, improv-
ing the quality of the delay stage was also an important
consideration. For example, US Patent Application Publica-
tion 2010/00079355 to Beselt describes a large amplitude high
frequency optical delay that 1s particularly suited for use 1n a
scanning terahertz sensor system that employs optical fibers
that serve as launching and returning optics.

SUMMARY OF THE INVENTION

The present invention 1s based 1n part on the development
of an apparatus for implementation of time-domain spectros-
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copy that creates a continuous set of retference pulses whereby
a sample pulses’ phase and amplitude can be tracked and
corrected. The apparatus can be readily adopted in any exist-
ing time-domain spectrometer where both amplitude and
phase are of interest. A feature of the apparatus 1s that when 1t
1s employed 1n a THz-TDS, the effect of jitter can be signifi-
cantly reduced. Also when the mventive technique used 1n
conjunction with THz-TDS, the emitter does not have to
move ofl the sample to collect reference pulses required to do
turther analysis. This could potentially simplify the design of
the final sensor.

In one aspect, the invention 1s directed to an apparatus that
has a continuous reference for measuring at least one property
of a sample that includes:

a radiation source that generates pulses of radiation;

means for splitting the pulses of radiation to yield reference
radiation pulses and sample radiation pulses wherein the
sample radiation pulses are directed to the sample; and

a detector positioned for receiving the reference radiation
pulses wherein the reference radiation pulses do not mteract
with the sample, and wherein the detector 1s positioned for
receiving the sample radiation pulses that emerge (transmuit-
ted or retlected) from the sample.

In another aspect, the invention 1s directed to a time-do-
main spectroscopy apparatus that has a continuous reference
for measuring at least one property of a sample that includes:

an emitter that generates pulses of radiation;

means for splitting the pulses of radiation to yield reference
radiation pulses and sample radiation pulses wherein the
sample radiation 1s directed to the sample and wherein the

reference radiation pulses do not mteract with the sample;

a first mirror positioned to reflect sample radiation that has
been transmitted through or retlected from the sample;

a second mirror positioned to reflect the reference radiation
pulses; and

a detector positioned for receiving the reflected reference
radiation pulses and the retlected sample radiation pulses.

In yet another aspect, the invention 1s directed to a method
of improving the precision of a time-domain spectroscopy
apparatus that includes an emitter that generates pulses of
radiation and a detector that receives pulses of radiation that
emerge from a sample, the method including the steps of:

positioning a beam splitter along an optical path between
the emitter and the detector to form reference radiation pulses
and sample radiation pulses that are directed to the sample
and the reference radiation pulses do not interact with the
sample;

positioning a first mirror to reflect sample radiation pulses
to the detector; and

positioning a second mirror to reflect reference radiation
pulses to the detector and using the reflected radiation pulses
to monitor fluctuations 1n phase and amplitude of the refer-
ence radiation pulses.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts a device for generating continuous referenc-
ing in time-domain spectroscopy;

FI1G. 2 shows a representative continuous referencing (CR)
trace generated by a beam splitter;

FIG. 3 compares the mter-pulse jitter between to sets of
pulses;

FIG. 4 are graphs that show the delays between two sets of
pulses and corrected delays thereto;

FIG. 5 1s a representation of an exemplary THz or near
THz-TDS transmission-based sheet measurement system;
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FIG. 6 shows an exemplary method for obtaining caliper
(thickness), basis weight and percent moisture for a sheet

material sample described as being paper, from a THz or near
THz-TDS system, such as the transmission system shown 1n
FIG. 5.

FIG. 7 1s a calibration curve that relates the water weight
(WW) to the log of the ratio the integrated power spectral
density of a reference transmitted pulse and a measured trans-
mitted pulse;

FIG. 8 shows a calibration curve {it based on measured
values for the fraction of moisture obtained from photocopy
paper.

FIG. 9 shows typical simulated input and output temporal
pulses from a transmission-based TEL or near THz-TDS
system. The top traces show the temporal trace (time 1n pico-
seconds) for the electric field for the temporal reference and
sample pulses obtained from the THz-TDS system and the
bottom traces are their Fourier transform;

FIG. 10 shows a physical model fitted to the signal data
obtained by transmission of a THz pulse through paper; and

FIG. 11 1s block diagram of an exemplary close loop con-
trolled sheet material manufacturing system that provides
in-situ measurements during the papermaking process. The
system 1ncludes a process controller that uses the in-situ
measurements for controlling process variables to maintain
output quality and minimize the quantity of rejected product.

DESCRIPTION OF PREFERRED
EMBODIMENTS

The present invention 1s directed to techniques for enhanc-
ing the precision ol time-domain spectroscopy systems,
which can be implemented by moditying standard time-do-
main spectrometers. While the invention will be described in
relationship with a terahertz time-domain spectrometer, 1t 1s
understood that the invention improves the precision of any
time-domain spectrometer wherein pulses of radiation are
applied to a sample and the time resolved characteristics of
the reflected or transmitted pulses that emerge from the
sample are analyzed. Further while the terahertz time-domain
spectroscopy apparatus 1s described in the transmission
mode, 1t 1s understood that the invention 1s also applicable in
the retlection mode.

FI1G. 1 1llustrates one embodiment of the inventive continu-
ous real time referencing generating device 2 that 1s posi-
tioned between an emitter 4 and a detector 6 of a standard
time-domain spectrometer. A beam splitter 8 splits incident
light 20 from emuitter 4 1nto reflected light 22 and transmuatted
light 24. The retlected light 22 1s reflected back by flat mirror
10 through beam splitter 8 before being recerved by detector
6. Similarly, transmitted light 24 1s transmitted through
sample 14 and thereaiter reflected by flat mirror 12 back
toward beam splitter 8 where 1t 1s reflected 1nto detector 6. In
the case where device 2 augments a terahertz spectrometer,
the emitter and detector can be, for example, photoconductive
antennae. For terahertz radiation, a preferred beam splitter
comprises a thick piece of high resistivity (>10,000 O-cm)
s1licon slab. The thickness of the beam splitter 1s selected to be
large enough so that reflections from the back surface thereof
lie outside the measurement window. IT a thinner beam split-
ter 1s used, the pulse shape will look different since multiple
reflections from the back side are included in the window. In
principal either configuration can be employed with the
present invention. A thicker beam splitter 1s preferred because
it 1s less prone to vibrate. The high resistivity silicon slab 1s
particularly suited for use as a beam splitter as it has a high
refractive index with acceptable absorption in terahertz fre-

5

10

15

20

25

30

35

40

45

50

55

60

65

4

quencies. Alternatively, sapphire or polyethylene could be
used as the beam splitter although they have higher absorp-
tion than that of silicon.

In operation, laser pulses 16 and 18 are directed to emitter
and detector 18, respectively. Initially, a terahertz radiation
pulse 1s generated by the photoconductive antenna emaitter 4
and 1s incident on silicon beam splitter 8 at a 45 degrees angle
resulting in two pulses traveling in perpendicular directions.
One pulse 1s transmitted through sample 14 whereas the other
pulse 1s used to track the fluctuations 1n time and amplitude.
Since the two pulses are generated at the same time and
position, their phases and amplitudes correlate very strongly
and this correlation 1s used to correct measurement errors.
This method 1s particularly suited for fiber optic based time
domain terahertz spectrometers where the bending of fibers
and temperature fluctuations could have strong adverse
cifects 1n precision 1n amplitude and phase measurements. A
teature of the mnvention 1s that only one detector 6 1s required.
Theuse of single detector avoids introducing a set of variable
attendant to a second detector.

The continuous real time referencing generating device of
FIG. 1 was mcorporated into a THz-TDS transmission-based
sheet measurement system as shown 1 FIG. § and further
described herein. By so modifying the system, for each pulse
that 1s generated by the emitter of the terahertz spectrometer,
the beam splitter generates two pulses one that passes through
the sample of mterest and the other pulse traveling through
air. FIG. 2 depicts two representative pulses that are formed
by the beam splitter. Each pulse has a characteristic profile
and peak and, the left pulse 1s designated the “leit” pulse and
the right one the “right” pulse. An arbitrary point somewhere
in the middle to separate the two can be selected. In the
following analysis, the “right” pulse 1s used both as a refer-
ence (1.e., where the pulse travels through air) and as a sample
pulse (i.e., where the pulse travels through a sample). These
are two separate measurements conducted one after the other.

One method of implementing the continuous referencing,
procedure 1s to 1nitially collect a set of reference pulses. In this
set, the two pulses (“left” and “right”) travel through air.
Thereatter, a sample of interest 1s mserted 1n one of the arms
of the spectrometer (1.¢., the right arm) and a new data set 1s
collected. All analysis can now be performed using the refer-
ence and sample “right” pulse measurements. The left pulse is
used to trace the changes in time and amplitude of the right
pulse. Since any changes 1n the “left” pulse will most likely
manifest in the “right” pulse, the “left” pulse could be moni-
tored and used to correct the “right” pulse and thereby reduce
the effects of jitter.

FIG. 3 shows the inter-pulse time jitter between the “lett”
and “right” pulses for 100 different measured pulses. The
“index” designation on the x-axis refers to the experiment
measurement number (1-100) so that each point on the graph
corresponds to a set of left and right pulses. The plot shows the
pair wise time delay between the lett and right pulses. This
correlation plot further establishes that the two pulses move
synchronously which permits the correction of time jitter 1n
one of the pulses. The comparison demonstrates that the
standard deviation of jitter could be reduced by a factor of 2.

For fiber optics based terahertz time-domain spectrometers
where precise phase measurements are particularly critical,
the mventive technique can compensate for the adverse
elfects of temperature and other factors that otherwise would
interfere with phase measurements. In particular, for a fiber
optics based spectrometer, a polarization and/or path length
change occurs as a result of fibers being twisted or stretched
that occurs with movement of the sensors as they scan the
sample. The top plot of FIG. 4 1s the inter-pulse time jitter
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between the “left” and “night” pulses for 200 different mea-
sured pulses as the fiber connections of the terahertz time-
domain spectrometer were manually twisted to simulate the
clifects of movement for a scanning type system typically
used 1n a paper machine. The plot shows that, the polarization
change affects the delay of the pulses. The lower plot of FIG.
4 demonstrates that the inventive techmque can be employed
to track and correct these delays as the two pulses are atfected
similarly and one could be used to track the changes 1n the
other.

Once the continuous set of reference pulses 1s obtained, the
sample pulses’ phase and amplitude can be tracked and cor-
rected, as necessary. For example, time jitter can be corrected
using the reference pulses by adding or subtracting a delay to
the sample pulse. To correct for amplitude vanations with the
reference pulses, scaling of the sample amplitude by multi-
plicative factor can be used to increase or decrease 1ts 1nten-
s1ty.

The present invention can be implemented 1n time-domain
spectroscopy systems. It has been demonstrated that near
THz or THz-TDS can be used 1n-situ to coincidentally obtain
one or more parameters/properties of a sheet material includ-
ing the water weight, physical thickness (caliper) and dry
weight volume fraction. The sheet material can comprise
paper or a plastic. From these parameters/properties 1n com-
bination with one or more calibration parameters, caliper,
basis weight and moisture content including PM and/or WW
of the sheet material may be obtained.

The calibration parameters generally include the known
Debye parameters used in a double Debye model which
obtains the dielectric constant of water in the THz or near THz
spectral region of the electromagnetic spectrum, the dry con-
tent refractive index of the paper or other sheet material under
test, the density of the dry content of the paper under test, and
the coellicients of a fit of water weight to a log of the power
rat1o of reference signal to that of a transmitted (or retlected)
sample signal.

Moisture content (such as expressed as percent moisture
(PM)) and WW can be obtained by measuring the near THz or
THz power or field transmitted through a sample and com-
paring 1t with a reference pulse (without sample) and there-
fore obtaining how much the water has attenuated the pulse.
As known 1n the art, PM 1is related to WW wvia the relation:
PM=WW/BW; where BW represents basis weight (repeated
in equation 12 below). BW=WW+DW; where DW represents
dry weight (no water present). From this attenuation measure-
ment and calibration data (e.g. from a laboratory calibration),
measurements relating to the amount of water present in the
sheet material may be determined.

Moisture content (such as expressed as PM or WW) can
also be obtained via a similar method 1n a system having
reflection geometry. In a reflection-based system, the THz
transmitter/emitter and THz receiver/detector on the same
side of the sample. In such a system, the reference signal 1s
taken from a non-water containing retlective surface and the
sample signal 1s the reflected THz or near THz signal from the
sample.

For transmittance-based systems: The sample caliper and
dry weight volume fraction can be obtained by fitting a model
for the transmittance function for a single layer film (e.g.

sheet of paper) to that of the experimentally obtained trans-
mitted THz pulse. One physical model that can be used 1s the
following: [see Born, M. and Wolf, E, Principles of Optics, 4™
edition, Pergamon Press (1970)]
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Where t, , and t,, are the transmission coeflicients at the first
and second film layer intertaces respectively, r,, and r,, are
the reflection coelficients at the first and second film layer
interfaces respectively, and p=w/c'n -h. Where w 1s the angu-
lar frequency of the THz radiation, ¢ 1s the speed of light, h 1s
the film thickness and n,, 1s the complex retractive index of the
film (e.g. paper). The transmission and retlection coefficients
in equation (1) are given by:

(2)

21,

I12 =

2R

p

Where n, and n,, are the refractive indices ot air and paper (or
other sheet material), respectively. The refractive index of air
1s approximately equal to 1 and the refractive index of paper
1s determined by using an effective medium theory such as the
classical Bruggeman model. The dry content refractive index
1s generally obtained via a calibration step and has been found
by the authors to depend upon paper type. The refractive
index of water 1s obtained via its dielectric function that can
generally be accurately described with a double Debye model
of the form:

( ) s — &2
&) = &5 + : +
" 1 + ity

Er — &

(3)

1 + ity

Where €_ 1s the static dielectric constant, ex 1s the limiting
value dielectric constant at high frequency, &, 1s an 1nterme-
diate value of dielectric constant and the time constant v, and
T, are related to the translational and rotational diffusion,
hydrogen bond rearrangement and structural rearrangement.
Although a double Debye model 1s generally described herein
to describe the water’s dielectric constant, other models can
also be used, e.g. single Debye model, or certain non-Debye-
based models.

The refractive index of the sheet material can be obtained
via the dielectric constant of the sheet material (e.g. paper)
using the Bruggeman model:

(4)

(B+ VP2 +8s42, )

o

Ep(m) —

p=08fs—1Des+Bf— ey (5)

Where 1 and 1, are the volume fractions of water and dry
sheet material, such as paper. If the paper only contains water
and dry content (e.g. cellulose) then £ =1-1 ., It has been
found by the present Inventors that © ,can be approximated as
a real constant over the frequency range of interest. However,
time-domain spectroscopy systems can include the case
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where the dielectric constant of the film could be absorptive
(non-zero 1maginary component to dielectric constant) and
dispersive.

The refractive index 1s related to the dielectric function by
the following expressions:

Hreal :RE(@)

Himg=IMYE,) (6)

In one embodiment, the transmittance of the THz pulse
through the paper 1s modeled using the transmittance function
given 1n equation (1). A two parameter least squares {it of the
model to the experimentally obtained transmitted THz pulse
can then be performed. The two fitted parameters obtained
from the fit are dry content volume fraction and physical
thickness. As described above the water content can be
obtained from the amplitude of the transmitted pulse.

For reflection-based systems: The same methodology
described above 1n the case of transmittance system arrange-
ment can be used 1n a retlection arrangement where instead of
the expression for transmission (equation (1)), an expression
for the reflectance can be used:

(7)

Fia + ¥ - Ehﬁ

= -
1 + F12 -3 -EZEJB

FIG. 5 15 a simplified representation of an exemplary THz
or near THz-TDS transmission-based sheet measurement
system 100, according to an embodiment of the invention. It
has been demonstrated that with the THz-TDS system shown
in FIG. §, jitter limits the measurement precision of the sys-
tem. It 1s expected that implementation of the constant refer-
encing technique of the present invention will significantly
enhance 1ts precision. A variety of other THz-TDS-based
measurement system arrangements may be used, since
embodiments of the invention generally involve new uses for
THz or near THz-TDS systems supported by new algorithms
and related calibration data that permit in-situ coincident
measurement of a plurality of properties of the sheet material
including the moisture content (such as PM and/or WW),
caliper (thickness) and basis weight.

System 100 comprises anear THz or THz generator includ-
ing at least one pulsed laser source (e.g. femtosecond (Is)
laser) 105 for emitting a beam of optical pulses. A beam
splitter 106 splits the optical beam 1nto two beams, a reflected
beam 102 and a transmitted beam 103. The retlected beam
102 1s directed to reflective delay comprising optics 108
including a “dummy” delay stage. The purpose of the dummy
delay 1s to make both the source (transmitter) and recerver
(detector) arms of the THz-TDS system 100 have nominally
equal optical path lengths; this results in the source and
receiver Is-pulses being dertved from the same original fs-
pulse. The intention of the dummy delay 1s to minimize noise.
However this dummy delay 1s not generally required and the
THz-TDS system 100 can be also generally operated without
it 1n certain applications.

The transmitted beam 103 1s directed via mirrors 104 to
delay comprising optics 109 shown as linear delay stage. The
delay comprising optics 108 and 109 are configured to make
the optical path length of the reflected beam 102 to the detec-

or 110 be nominally equal to the optical path length of the
transmitted beam 103 to the near THz or THz transmatter 111.

The near THz or THz transmaitter 111 includes a transmit
antenna operable for emitting THz or near THz radiation
pulses having a frequency between 0.05 THz and 50 THz at a
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sample location on the sheet material. The THz transmission
antenna will generally have a bias voltage applied to 1t (not
shown 1 FIG. 5), which can be modulated be used for the
utilization of a lock-1n detection scheme 1n system 100. The
detector 110 includes a recerve antenna operable to recerve
near THz or THz radiation transmitted by the location on the
sample 130 that 1s wrradiated by the incident radiation.
Embodiments of the mnvention are not limited to using pho-
toconductive antennae as described herein. For example,

other methods such as optical rectification using crystals such
as Zinc Telluride (ZnTe) may also be used. The THz detector
110 1s coupled to the receive antenna and 1s also coupled to
receive the delayed optical pulses from delay comprising
optics 108 for synchronously detecting the THz or near THz
radiation transmitted by the sheet material sample 130. The
detector 110 generates electrical detection signals. Although
FIG. 1 shows a THz focused beam interacting with the sample
130, 1t 1s that other optical geometries such as a collimated
geometry can also be used.

A signal processing system 1235 1s coupled to the detector
110 to recerve the electrical detection signals. The signal
processing system 125 comprises a memory 126 for storing
calibration data that 1s generally in the form of calibration
coellicients that permit calculation of the moisture content,
caliper or basis weight of the sheet material. Memory 126 can
also 1include a stored estimate for the refractive index for a dry
sample of the sheet material and the density of the sheets dry
content. Signal processing system 125 also includes process-
ing electronics 128 that generally includes a transimpedance
(current to voltage)-amplifier, filter and analog to digital
(A/D) converter. A processor (e.g. DSP) 127 receives pro-
cessed electrical signal (amplified, filtered and converted to a
digital signal) from processing electronics 128. The processor
127 combines a signal associated with the transmitted pulse
together with the calibration data and a reference signal pulse
to determine at least one property of the sheet material sample
selected from the moisture content, basis weight and caliper.

With respect the reference pulses and to techniques for
applying the correction, processor 127 in signal processing
system 125 (FIG. 5) can compare the continuous set of rei-
erence pulses with sample pulses and execute the necessary
corrections for time jitter and amplitude variations.

The detection electronics generally utilizes a lockin detec-
tion scheme (not shown 1n FIG. 5) in which a modulated bias
voltage 1s applied to the transmitter antenna. This modulation
signal 1s also fed to lock-in detection electronics that
increases the signal-to-noise ratio of the system as well as
minimizes the effect of any background signal. A mechanical
chopper can be used in the source femtosecond laser beam
105 to realize the lock-in detection—in the case a DC bias
voltage 1s applied to the antenna.

An exemplary method 200 1s described below for coinci-
dentally obtaining caliper (thickness), basis weight and per-
cent moisture for a sheet material sample described as being
paper, ifrom a THz or near THz-TDS system, such as system
100. Referring to FIG. 6, 1n step 201, for each grade of paper
a “bone dry” sample (essentially moisture free, herealter a
“dry sample”) 1s made following standard procedures known
in the art. In step 202, for each grade of paper, a moisturized
set of samples having a spread of different known moisture
levels 1s prepared. These samples should cover the moisture
range over which the system generally operates. Step 203
comprises a reference air scan (1.€. a scan with no sample
present) using the THz or near THz-TDS system. In step 204
the dry sample prepared 1n step 201 1s mserted in THz-TDS
system and a dry sample scan 1s obtained. In step 203 the
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thickness of the dry sample 1s measured independently. One
method for measuring the thickness of the dry sample 1s a lab

TAPPI gauge.

In step 206 the dry content refractive index as a function of
frequency 1s determined by fitting a physical model using the
dry sample thickness measured in step 205. The dry content
refractive index of the sample can then be calculated by fitting,
the model for the transmittance function for a transmittance-

based system (equation (1) or the reflectance function for a
reflection-based system (equation (7)). When the {it 1s per-
formed the thickness measurement from step 205 (e.g. from
the TAPPI caliper gauge) 1s mnput and 1t 1s generally assumed
that the contribution of water to the dry refractive index of the
sample 1s negligible, 1.e. we the dry content fraction to 1.
From this {it the dry content refractive index 1s obtained which
generally constitutes one of the calibration parameters. For
paper this dry content refractive index parameter typical lies
between 1.3 and 1.5 1n the THz region.

The physical model for step 206 can comprise modeling
the sheet material (e.g. paper) as a thin dielectric slab com-
prising a mixture of air, dry content (cellulose and ash), and
water. The Bruggeman model was employed where the pro-
portions of the mixture and the thickness of the sheet material
can be varied. Existing data for the dielectric constant of
water 1 the THz regime at different temperatures can be
obtained. A double Debye model can be used to model the
clectromagnetic response of the water at the near THz or THz
frequency.

For example, the model fitting for step 206 can comprise
performing a least squares fit. It can be assumed that the
sample consists entirely of the dry sample (1.e., 0% moisture).

Step 207 comprises measuring the moisturized samples of
paper prepared in step 202 using the THz-TDS system to
obtain the transmitted power or the transmitted field 1n the
case of a transmission-based system, or retlected power or
reflected field in the case of a reflectance-based system. In the
case of atransmission-based system, the transmitted power or
transmitted field 1s then compared to the reference transmit-
ted power (transmitted power without the sample) obtained in
step 203. The calibration curve for WW can be displayed as
shown 1n FIG. 7. The following function 1s plotted in FI1G. 7:

(8)

P51y; (1)) ] Lo

WW(y;(1), yo(1)) = mX lﬂgf( PSD(y, (1))

Where WW 1s the water weight in grams per square meter
(GSM), v./(t) 1s the reference or incident pulse (no sample
present), y_(t) 1s the output or sample pulse (sample present)
and m and C are calibration constants. PSD stands for the
integrated power spectral density and 1s defined as the integral
over frequency of the norm-squared Fourier transform. WW
shown 1n FIG. 7 plotted against the log of the ratio of the
reference and sample pulse power can be seen to be essen-
tially linear, although there 1s no requirement for a linear
function.

The same data set obtained from the moisturized sample
set 1 step 202 can be used to obtain another calibration
parameter, density of dry content, p. This calibration param-
cter can be obtain by constructing a plot of fractional moisture
content versus (v/(1-v,)) and fitting the expression given in
equation (9) to obtain p, This fit is shown 1n FIG. 8, which
shows a calibration curve fit based on measured values faction
of moisture values obtained from a sample comprising pho-
tocopy paper. The abscissa in this figure 1s v/(1-v,) where v,
1s the dry weight volume fraction obtained from the fit of the
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physical to the transmitted THz pulse. The ordinate in FIG. 8
1s the fractional water content for the sample under test. This
fractional water content can be obtained using an 1ndepen-
dently measurement technique and typically be obtained
gravimetrically 1 a laboratory. The density of dry paper
content can be obtained by a least squares parameter {it to the
model:

PM ©)

_ﬁf(l
PwVf

)

Where PM 1s the percent moisture and p,, and p, are the
densities of water and dry paper content. The density of water
can be obtained from open literature.

Typical mput and output temporal pulses from the THz-
TDS that were simulated are shown 1n FIG. 9. The top traces
show the temporal trace (time 1n picoseconds) for the electric
field for the temporal reference and sample pulses obtained
from the THz-TDS system and the bottom traces are their
Fourier transforms (frequency in THz).

In step 208, in the case of a transmittance system, 1n order
to obtain the physical thickness and dry weight volume frac-
tion of the sheet material sample a transmittance function for
the sheet material can be used (see equation (1) provided
above). The parameters 1n the transmittance function can be
adjusted to mimimize the least squares error between the
calculated transmission pulse and the measured transmitted
pulse, thus fitting the physical model using a two parameter
least squares fit. F1G. 10 shows a physical model fitted to the
signal data obtained by transmission of a THz pulse through
paper. The calculated transmission pulse can be found using
the convolution (1n time domain) of the reference pulse with
the transmittance function. Defining,

Y k]=IFFT{ Yi[o] T(0,hv)})

The error function can be defined as:

FRECS CollC 2
Brror= ) [y [k] - y&“[k] (19)
k

f: Physical Thickness

vr: Dry weight volume fraction

Mimimizing the error function above can provide the physical
thickness (h) and dry weight volume fraction, v .ot the paper
or other sheet material. In step 209, the PM and then the BW
can be calculated as follows:

1 11
P ﬁf( - 1] (11)
Pw Vs
WW (12)
BW = —
PM
where:

p, Fiber density
.. Water density

FIG. 11 1s block diagram of an exemplary close loop con-
trolled sheet material manufacturing system 700 that pro-
vides 1n-situ coincident measurements of a plurality of prop-
erties of a sheet material during the sheet material (e.g. paper)
making process. The closed loop control provided as
described below helps control process variables to maintain
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output quality and minimize the quantity of rejected product.
The system 700 comprises a sheet material manufacturing
apparatus 720 and a process controller 730 that uses the
in-situ measurements from an in-situ measurement system
715. Measurement system 715 can be a reflection-based sys- 2
tem, or a transmission based system such as system 100
shown 1 FIG. 1. Although shown as wire connected, com-
munications between the components of system 700 can be
wired, optical (e.g. fiber optic), or over the air (e.g. RF) or
combinations thereof.

The controller 730 can process the electrical detection
signals recerved and determine one or more paper quality
properties, for example, the moisture profile achueved, and
how the moisture profile should be updated during the paper-
making process from “wet-end”’-to-press and press-to-dryers
at the “dry-end” 1n the case of a paper making system. As
known 1n the art, the moisture profile can have significant
impact on known variables 1n the paper making process such
as sheet tension profiles, sheet breaks, shrinkage, winder ethi- 5,
clency, pressroom operation.

The foregoing has described the principles, preferred
embodiments and modes of operation of the present imnven-
tion. However, the invention should not be construed as being
limited to the particular embodiments discussed. Thus, the 55
above-described embodiments should be regarded as 1llustra-
tive rather than restrictive, and 1t should be appreciated that
variations may be made 1n those embodiments by workers

skilled 1n the art without departing from the scope of the
present invention as defined by the following claims. 30

10

15

What 1s claimed 1s:

1. An apparatus that has a continuous reference for mea-
suring at least one property of a sample that comprises:

a radiation source that generates pulses of radiation; 35

means for splitting the pulses of radiation to yield reference

radiation pulses and sample radiation pulses wherein the
sample radiation pulses are directed to the sample; and

a detector positioned for recerving the reference radiation

pulses wherein the reference radiation pulses do not 40
interact with the sample, and wherein the detector 1s
positioned for receiving the sample radiation pulses that
emerge ifrom the sample wherein the reference and
sample pulses from the means for splitting the pulses of
radiation are separated in time so that the reference 45
pulses reach the detector at different times relative to the
sample pulses.

2. The apparatus of claim 1 further comprising a first mirror
that 1s positioned to retlect sample radiation pulses that are
reflected from the sample. 50

3. The apparatus of claim 2 further comprising a second
mirror that 1s positioned to reflect the reference radiation
pulses to a single detector.

4. The apparatus of claim 1 turther comprising a first mirror
that 1s positioned to reflect sample radiation pulses that are 55
transmitted through the sample.

5. The apparatus of claim 1 wherein the reference and
sample pulses are measured using a single detector.

6. The apparatus of claim 1 comprising:

a laser source that generates pulses of radiation; and 60

means for splitting the pulses of radiation from the laser

source to yield first radiation pulses and second radiation
pulses;

wherein the radiation source comprises an emitter that

generates terahertz frequency signal pulses when 65
excited by the first radiation pulses from the laser source
and wherein the detector recerves terahertz frequency

12

radiation that emerges from the sample and that gener-
ates detection signals when excited by the second radia-
tion pulses.

7. An apparatus that has a continuous reference for mea-
suring at least one property of a sample that comprises:

a radiation source that generates pulses of radiation;

means for splitting the pulses of radiation to yield reference
radiation pulses and sample radiation pulses wherein the
sample radiation pulses are directed to the sample;

a detector positioned for receiving the reference radiation
pulses wherein the reference radiation pulses do not
interact with the sample, and wherein the detector 1s
positioned for recerving the sample radiation pulses that
emerge from the sample; and

means for correcting time jitter based on detection of the
reference radiation pulses.

8. An apparatus that has a continuous reference for mea-

suring at least one property of a sample that comprises:

a radiation source that generates pulses of radiation;

means for splitting the pulses of radiation to yield reference
radiation pulses and sample radiation pulses wherein the
sample radiation pulses are directed to the sample;

a detector positioned for receiving the reference radiation
pulses wherein the reference radiation pulses do not
interact with the sample, and wherein the detector 1s
positioned for receiving the sample radiation pulses that
emerge from the sample; and

means for correcting amplitude variations based on detec-
tion of the reference radiation pulses.

9. A time-domain spectroscopy apparatus that has a con-
tinuous reference for measuring at least one property of a
sample that comprises:

an emitter that generates pulses of radiation;

means for splitting the pulses of radiation to yield reference
radiation pulses and sample radiation pulses wherein the
sample radiation 1s directed to the sample and wherein
the reference radiation pulses do not interact with the
sample;

a first mirror positioned to reflect sample radiation that has
been transmitted through or reflected from the sample;

a second mirror positioned to reflect the reference radiation
pulses; and

a detector positioned for receiving the reflected reference
radiation pulses and the reflected sample radiation
pulses wherein the means for splitting the pulses of
radiation comprises a beam splitter and wherein the
reference and sample pulses from the beam splitter are
separated in time so that the reference pulses reach the
detector at different times relative to the sample pulses.

10. The time-domain spectroscopy apparatus ol claim 9
wherein the reference and sample pulses are measured using
a single detector.

11. The time-domain spectroscopy apparatus of claim 9
wherein the first mirror 1s positioned to retlect sample radia-
tion that has been transmitted through the sample.

12. A time-domain spectroscopy apparatus that has a con-
tinuous reference for measuring at least one property of a
sample that comprises:

an emitter that generates pulses of radiation;

means for splitting the pulses of radiation to yield reference
radiation pulses and sample radiation pulses wherein the
sample radiation 1s directed to the sample and wherein
the reference radiation pulses do not interact with the
sample;

a first mirror positioned to reflect sample radiation that has
been transmitted through or reflected from the sample;
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a second mirror positioned to reflect the reference radiation
pulses;

a detector positioned for recerving the reflected reference
radiation pulses and the retlected sample radiation
pulses: and

means for correcting time jitter based on detection of the
reference radiation pulses.

13. A time domain spectroscopy apparatus that has a con-
tinuous reference for measuring at least one property of a
sample that comprises:

an emitter that generates pulses of radiation;

means for splitting the pulses of radiation to yield reference
radiation pulses and sample radiation pulses wherein the
sample radiation 1s directed to the sample and wherein
the reference radiation pulses do not interact with the
sample;

a {irst mirror positioned to retlect sample radiation that has
been transmitted through or reflected from the sample;

a second mirror positioned to reflect the reference radiation
pulses:

a detector positioned for recerving the reflected reference
radiation pulses and the reflected sample radiation
pulses; and

means for correcting amplitude variations based on detec-
tion of the reference radiation pulses.

14. A method of improving the precision of a time-domain
spectroscopy apparatus that includes an emitter that generates
pulses of radiation and a detector that receives pulses of
radiation that emerge from a sample, the method comprising
the steps of:

positioning a beam splitter along an optical path between
the emitter and the detector to form reference radiation
pulses and sample radiation pulses that are directed to
the sample and the reference radiation pulses do not
interact with the sample;

positioning a first mirror to retlect sample radiation pulses
to the detector, and

positioning a second mirror to reflect reference radiation
pulses to the detector and using the retlected radiation
pulses to monitor fluctuations 1n phase and amplitude of
the reference radiation pulses wherein the reference and
sample pulses from the beam splitter are separated in
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time so that the reference pulses reach the detector at
different times relative to the sample pulses.

15. The method of claim 14 wherein the reference and
sample pulses are measured using a single detector.

16. A method of improving the precision of a time-domain
spectroscopy apparatus that includes an emitter that generates
pulses of radiation and a detector that receirves pulses of
radiation that emerge from a sample, the method comprising
the steps of:

positioning a beam splitter along an optical path between

the emitter and the detector to form reference radiation
pulses and sample radiation pulses that are directed to
the sample and the reference radiation pulses do not
interact with the sample:

positioning a first mirror to reflect sample radiation pulses

to the detector;

positioning a second mirror to reflect reference radiation

pulses to the detector and using the reflected radiation
pulses to monitor fluctuations 1n phase and amplitude of
the reference radiation pulses; and

correcting time jitter based on detection of the reference

radiation pulses.

17. A method of improving, the precision of a time-domain
spectroscopy apparatus that includes an emitter that generates
pulses of radiation and a detector that recerves pulses of
radiation that emerge from a sample, the method comprising
the steps of:

positioning a beam splitter along an optical path between

the emitter and the detector to form reference radiation
pulses and sample radiation pulses that are directed to
the sample and the reference radiation pulses do not
interact with the sample;

positioning a first mirror to reflect sample radiation pulses

to the detector;

positioning a second mirror to retlect reference radiation

pulses to the detector and using the reflected radiation
pulses to monitor fluctuations 1n phase and amplitude of
the reference radiation pulses; and

correcting amplitude variations based on detection of the

reference radiation pulses.




	Front Page
	Drawings
	Specification
	Claims

