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Appendix A: Raman Feasibility Calculations and

Comparison with ATR

The two techniques of Raman spectroscopy andattenuated total reflection (ATR) spectroscopy

arecompared herefor their suitabilit y to makeoptical fibreremoted measurementsof compounds

dissolved in water. Tolueneandchloroform arechosen as arbitrary but typical target analytes.

Fibre-Remoted Raman Detection

The detection of a Raman spectrum involves the detection of low levels of light, and efficient

transmission and detection of the light is essential. In detecting tracequantities of compounds

in water it is necessary to resolve the target spectrum from the broad features resulting from

hydrogen bonding between thewater molecules.

Probe considerations

The diameter D of the optical fibres used to form the entranceslit (and probe) determine the

resolution of the spectrograph (and the amount of light collected). The unwanted Raman

scattered light from thewater will becollected asefficiently as that of the target analyte, and the

water Raman spectrum is assumed here to behomogenous, constant and featureless.

When the resolution of the spectrometer is equal to the width of the lines of the target analyte

(with fibresof diameter D ), then increasing thediameter of theprobefibres increasestheamountl

of target Raman light falli ng on to a tall thin detector in proportion to D. The collected

backgroundRaman light falli ng onto such a pixel increases with the square of the fibre width.

Assuming that the shot noise in the backgroundand target Raman light is the dominant source

of noise in the measurement, the signal to noise ratio becomes essentially constant for fibre

diameters greater than 8 times the limiti ng diameter D . For the case of the spectrometerl

constructed for this project this corresponds to fibres of diameter larger than 50µm.

Target analyte and water scattering cross sections

Normalised scattering crosssections are tabulated below. The normalisation corrects the � 4

dependancy of the intensity of Raman scattering, so that cross sections measured at one

excitationwavelength may becompared with measurements madeat another.
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Table A.1

Compound Frequency / Normalised scattering Measurement Scattering cross Sourceof

cm crosssection, Wavelength / nm section, � , at data
� 1

d� /d	 ·( 
 � 
 ) / 676nm /j 0 j
-4

10 cm � sr 10 cm � sr� 48 6 � 1 -30 2 � 1

Water 3,400 96 488 1.6
[1]

Water 800 5 1,064 0.2 See

footnote3

Toluene 1,002 111.5 694 4.0
[2]

Chloroform 666 64 515 2.5 [2]

Expected signal intensities

In thesecalculations thetabulated differential crosssections areassumed to beconstant over the

solid angleviewed by theprobefibres. It isassumed that themost significant noisecontribution

isfrom theshot noiseof theRaman light generated in thewater, ie thedetector noiseisneglected.

The experimental system under consideration is a 100mmlongperfectly guiding liquid-cored

waveguidecell , with theaqueousanalyteas theguiding medium. Thecorediameter is 500µm,

and light is delivered to and collected from the cell by a close packed bundle of 19 125/85 µm

(outer diameter/core diameter) step index optical fibres, 1 fibre used for light delivery, 18 for

collection. Simplegeometry then suggeststhat 52% of thelight scattered back towardstheprobe,

within the NA of thecollection fibres, will becollected by theprobe. Thisdoesnot consider the

small regionclose to theprobewhere lessthan 52% of the light is collected, as it is outside the

overlap volumebetween thedelivery andcollection fibres.

A fibre numerical aperture (NA) of 0.16 is assumed, matched to the acceptance NA of the

spectrograph. Thenumerical aperture is related to theacceptancesolid angle
�

by the formula

Neglecting multiple scattering events and absorption of the incident beam, thepower scattered

back toward theprobeP from abeam of initial power P is given bys 0

 where � is thescattering crosssectionasgiven in thefifth column of tableA.1andx is thelength

of thecell . While � is small , this may bewritten to agoodapproximationas
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Thepower collected by theprobedueto scattering from water, and1 part per milli onchloroform

and toluene, calculated from equation A.3 are tabulated below, when P =100mW, taking into0

account the 52% collection efficiency of the fibre probe, and assuming a detector quantum

efficiency of 0.5. Equation A.3 gives the amount of energy scattered into a single Gaussian

profiled line. Thequoted power in thewater background(tableA.2) is6 timesthat given directly

by equationA.3 becausethewater backgroundis constant, andso considered hereas aseries of

6 overlapping lines.

Table A.2

Scatterer Number of scattered photons Associated shot noise (photons)

collected per second

Water 2.8E+9 5.3E+4

1 ppm toluene 1.0E+4 100

1 ppm chloroform 6E+3 77

Measurement time required for signal to noise ratio of 3

Ascan beseen in tableA.2, theshot noise in thewater background is thedominant noisesource

(much larger than theshot noise in theanalytesignal). Thesignal to noise ratios (thenumber of

detected photonsscattered by theanalytedivided by theshot noiseof thewater scattered Raman

light) for onesecondintegration timesSN aretabulated in tableA.3.Thenumber of onesecond1

measurements necessary to achieve a signal to noise ratio of 3 (an arbitrary value chosen to

represent unambiguous detectionof a line) is also tabulated.

Table A.3

Scatterer Signal to noise ratio (one Number of measurements necessary

secondintegration time), SN to raisesignal to noise ratio to 31

(measurement time in seconds)

1 ppm toluene 0.2 225

1 ppm chloroform 0.1 900
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(A.4)

(A.5)

Theinitial signal to noiseratio,SN issimply taken asthenumber of photonsscattered per second1

divided by the shot noise of the water background. Thenumber of measurements necessary to

increasethesignal to noiseratio to three(ie the length of themeasurement time 
 in seconds) is

foundfrom equationA.4.

Attenuated Total Reflection/Evanescent Field Absorption

The techniqueof attenuated total reflection (ATR) spectroscopy is astandard tool for thestudy

of theIR (from 2 to 10µm) absorptionspectraof, among other things, highly absorbing liquids.[3]

Recently the technique has been extended through the use of optical fibres, where it is more

usually referred to as evanescent field absorption (EFA) spectroscopy.[4]

Brief overview of the technique

When light incident from amedium of refractive index n to oneof lower index n is reflected at1 2

an interfaceby total internal reflection someof theenergy of the reflected wavepenetrates the[5]

lower index medium as an evanescent field. Theevanescent filed is not a travelli ng wave, and

doesnot propagateenergy away from theboundary. Thedepth of thepenetration is related to the

wavelength of thelight, itsangleof incidenceat theinterfaceandtherefractiveindicesof thetwo

media by equation A.5. As � approaches the critical angle d can become very large with ap

proportionally larger fraction of energy present in the evanescent wave. If the lower index

medium has any absorption bands, then energy is removed from the reflected wave at those

wavelengths.

A typical ATR attachment (Infra red element (IRE)) for an IR spectrometer resembles a

trapezoidal prism, with a(partially) collimated beam of light propagatingobliquely down thelong

axis, undergoing total internal reflection(TIR) at theparallel topandbottom surfacesof the IRE.

The light that passes through the IRE is analysed by aspectrometer, and the resulting spectrum

contains the same information (in a slightly distorted form) as a conventional thin cell IR

absorptionspectrum.
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Theevanescent field of a length of IR transmitting fibre (with asuitably thin cladding) may also

be used to perform a similar measurement, although the measurement is usually referred to as

EFA spectroscopy. If the fibre used as the sensing region is multimoded, then the resulting

spectrum will befurther distorted from theconventional transmissionspectroscopy measurement

due to theuneven removal of power from each guided modeof the fibre.

To increase the sensitivity, and remove potential masking absorptions, EFA sensors for

contaminants in water often consist of polymer coated tapers. Thetaper increases theevanescent

field penetration into the polymer coating, which selectively absorbs (preconcentrates) many

organic compounds, whileexcluding water.

Expected sensitivity (literature review)

PVC coated tapered chalcogenide fibres have demonstrated detection limits (for 12 minute

measurement times) between 0.11% (chloroform) and0.006% (nitrobenzene). Thediffusion[6]

into the polymer coating was reversible, reaching equili brium in approximately 10 minutes.

When the polymer coating was removed from the taper no signal was observed for 0.15%

benzenein water, while thedetection limit with thepolymer coating wascalculated to be0.02%.

Polymer coated silver halidetapers, coupled with an FT-IR spectrometer, havealso demonstrated

mg/L detection limits of chlorinated hydrocarbons in water . A similar sensing element used[7]

with awavelength modulated light source(tunablediodelaser) and“2f” phasesensitivedetection

has extended this sensitivity down to 50µg/L of tetrachloroethylene.

Conclusions

The greatest problem faced in EFA analysis is the relatively poor transmissionof optical fibres

in theIR regionof thespectrum. Typically silver halidefibrestypically display over 1 dB/m loss,

andaretoofragile for useover any distance, limiti ng their application to short (lessthan ametre)

sections as intrinsic fibre sensors. It may be possible to use fluoride glass fibre to optically

remote an EFA measurement, but transmission is only over the mid-IR (2-5 µm), and themost

useful vibrational information is usually found below 5 µm. Even so, there are other

disadvantages in employing theEFA technique.

There is no possibilit y of making a non-contact measurement by ATR/EFA, therefore the

technique isparticularly susceptible to fouling. ATR/EWSisan absorption technique, andsmall
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absorptions on a large backgroundof transmitted light must bedetected. Theshot noiseof the

transmitted backgroundis much more likely to obscure a line than is the scattered background

light of aRaman measurement.

The technology required to make optical-fibre-remote Raman measurements in the visible and

NIR is readily available, especially in robust andminiaturised form, andat acost benefit due to

the large requirement from the telecommunications industry. Diode lasers capableof coupling

ever increasing amountsof monochromatic light in to an optical fibrebecomeavailablemonthly,

with powers in excessof awatt currently available. Raman offers thepossibilit y of making non-

contact measurements, so that fouling of probeoptics is not aproblem.

Thenumberspresented in thisdocument show that Raman scattering can offer asimilar level of

sensiti vity to EFA, but with greater potential to make the measurements optically remote from

thenecessary instrumentation. In this particular application it is themorepromising technique

for investigation. Thework itself isvaluableeven if aprototypesystem capableof detecting parts

per billi on of a particular analyte is not built . The results will be applicable to other areas of

application, and the cell arrangements and signal referencing techniques are valuable in

themselves.

References to this appendix
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Figure B.1 The interfaceto theCCD Array readout program. Data isacquired andsaved using the menubarsat the top

of the screen. System parameters are entered directly into the boxes in the window. All parameters, the date, and any

comments typed into theappropriateboxesaresaved with thedata. Here the intensity isshown plotted against a logscale

to accentuate the lower peaksand the readout noise.

Appendix B: C Source Code for the CCD Interface

1. Software Overview

All operation of the CCD is controlled via the software window shown in figure B.1. This

controls theCCD integration timeset, thenumber of averages in each measurement, any system

correctionused (eg for variousoptical filtersat thespectrographinput), theLabPC+ preamp gain,

andany offset in thereferencecell signal. Other comments to bestored with thedatacan also be

entered from thefront panel, ascan thenameof thefile in which measured datais to berecorded.

Theresultsof themost recent acquisitionaredisplayed as a linegraphon the front panel, unless

acquisition is in progress, in which casethedisplay is live, displaying thecurrent intensity profile

acrosstheCCD. Each acquisitionmay compriseupto 25individual readings. Theuser may step

through each of these readings using the displayed spectrum control. By double clicking the

control theprogram will step through each set automatically.
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Hamamatsu C5809 CCD Data. Date: 27.7.1997
Read mode: 1
LabPC+ ADC gain: 1
Integration Time: 2.000160e-01 seconds
No. of averages: 0
System correction: 3
Probe/input arrangement: fibre 2, 4.5mL/L of 600mg/L PB -+4%, 14.9mW
Comments: 5×24 readings in background, laser = 134.2mA
 Wavelength/nm Wavenumber shift Normalised data
 860.660000 3209.005178 -3134.819149 -200555.657909 -179129.950854
 860.370400 3205.094235 1.083672 1.083672 5.727958
 860.080800 3201.180658 -0.308891 -0.308891 7.799513
 859.791200 3197.264445 0.142926 1.286336 7.003382

Figure B.2 The first 14 rows of a typical data file from the program ccdarray.exe. Threecolumns of data have been

recorded in thisexample; each data set comprises512points, corresponding to the 512CCD columns.

Data is filed by using theFiledataoption from theFilemenu,and the intensity profiles for each

of therecorded spectraissaved in columnsasASCII text, along with other information,asshown

in figureB.2.

Thefirst lineof thedata file is a lineof text which identifies thesourceof the file, and thedate

onwhich it was recorded.

2. Software Source Code

This is the sourcecode for the program CCDARRAY. It works in conjunction with a National

Instruments LabPC+ data acquisition card, interfacecircuitry described in chapter 3, and the

binary fileccdarray.uir, produced with theNational Instruments CVI compiler. Theccdarray.uir

filecan beloaded into CVI, andcontains the informationused to draw theprogram window and

menubars. Seechapter 3 for further details of thesoftwareand its operation.

/*
*** Program to control and read the Hamamatsu C5809 CCD array, via a National Instruments
*** LabPC+ card and the buffer, interface, and power supply box labelled “CCD Power Supply”.
*/

#include <userint.h>
#include <ansi_c.h>
#include <dataacq.h>
#include <analysis.h>
#include <formatio.h>
#include <utility.h>
#include "ccdarray.h"

#define NO_OF_COUNTS512
#define NO_OF_POINTS512
#define OFF 0
#define ON 1
#define NO 0
#define YES 1

/*
*** Several lines of code to pause the program, to study the state of certain variables,
*** can be included here.
*/
#define DEBUGGINGNO

/* Macros to convert the CCD column number (an integer q) to wavelength in nm */



Copyright 1998Steven J Mackenzie Remote Spectroscopic Monitoringof LiquidsVia Sili ca Optical Fibres

Thesis for PhD —December 1997 140 email : stevenjmackenzie@usa.net

/* or frequency shift in 1/cm (float). This formula is from the wavelength */
/* calibration of 22.1.96. Used in file_data and plot_output. */
#define DIODE_WAVELENGTH674.4
#define MEAS_WAVELENGTH(q)(((q) * -0.2896) + 860.66)
#define FREQ_SHIFT(q) (1.0e7 * (1 / DIODE_WAVELENGTH- 1 / MEAS_WAVELENGTH(q)))
/* Defined constants corresponing to the read mode control. */
#define NORMAL0
#define BACKGROUND_SUBTRACT1
#define REFERENCE_CELL_SUBTRACT2
/* Defined constants corresponding to the system correction control */
#define NONE0
#define NO_FILTER 1
#define SRG695 2
#define SRG715 3
/* Defined constants corresponding to the x-axis control */
#define COLUMN_NO0
#define WAVELENGTH1
#define FREQUENCY_SHIFT2
/* Defined constants corresponding to the y axis control */
#define LINEAR 0
#define LOG 1
/* Number of spectra stored (ccdarray.c verion of the program only) */
#define STORED_SPECTRA25
#define TEMP_STORED_SPECTRA32

unsigned long points;
unsigned int integration_cycles, mode, filter, correction = OFF;
float output_array[STORED_SPECTRA][NO_OF_POINTS], filter_data[NO_OF_POINTS],

background[NO_OF_POINTS], running_average[NO_OF_POINTS];
int ccd_panel, x_choose_panel, y_choose_panel, ccd_menu, month, day, year, x_axis_style,

y_axis_style;
short clock_speed, finished=0, pulse_length, gain;
unsigned short count_check, array_plot, averages=0, shots=1, spectrum,

temp_read_array[TEMP_STORED_SPECTRA][NO_OF_POINTS];
double offset=1.0, y_max=4100.00, y_min=0.00;
char *date="Date: dd.mm.yyyy", *int_time="Integration time: 0.054 sec";

int graph(int panel, int control, int event, void *callbackData , int eventData1, int eventData2)
{
switch (event)

{
case EVENT_LEFT_CLICK:
SetCtrlAttribute (ccd_panel, CCD_PANEL_GRAPH,ATTR_YMAP_MODE,

VAL_LINEAR);
SetAxisRange (ccd_panel, CCD_PANEL_GRAPH,VAL_NO_CHANGE,0.0, 1.0,

VAL_MANUAL, y_min, y_max);
break;

case EVENT_RIGHT_CLICK:
SetAxisRange (ccd_panel, CCD_PANEL_GRAPH,VAL_NO_CHANGE,0.0, 1.0,

VAL_MANUAL, y_min, y_max);
SetCtrlAttribute (ccd_panel, CCD_PANEL_GRAPH,ATTR_YMAP_MODE,

VAL_LOG);
break;
}

return 0;
}

void quit(int menubar, int menuItem, void *callbackData, int panel)
{

QuitUserInterface(0);
}

void print_screen(int menubar, int menuItem, void *callbackData, int panel)
{

SetPrintAttribute (ATTR_ORIENTATION, VAL_LANDSCAPE); /* sets printer to landscape */
/*
*** The print panel dialogue box recommends the following lines to ensure the
*** printout fits on the page (which it doesn't if the lines are omitted).
*/

SetPrintAttribute (ATTR_PAPER_WIDTH, VAL_INTEGRAL_SCALE);
SetPrintAttribute (ATTR_PAPER_HEIGHT, VAL_USE_PRINTER_DEFAULT);
PrintPanel (ccd_panel, "", 1, VAL_FULL_PANEL, 0);

}

int checkstop(void)
{
int clicked, panel;
GetUserEvent (0, &panel, &clicked); /* Read User Event Queue. */
 #if DEBUGGING
 /*
 *** This if statement is for debugging only. Allows the watch window to be
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 *** read after the program locks.
 */
 if (points==(NO_OF_COUNTS - 1))
 Delay (0.5);
 #endif
if(clicked==CCD_PANEL_STOP && panel==ccd_panel)

return 0; /* Return 0 if stop has been clicked. */
return 1; /* Return 1 otherwise. */
}

void disable_controls(void) /* Disables all controls except STOP. */
{
/*
*** Disable the individual panel controls
*/
SetInputMode (ccd_panel, CCD_PANEL_CLOCK_SPEED,0);
SetInputMode (ccd_panel, CCD_PANEL_PULSE_LENGTH,0);
SetInputMode (ccd_panel, CCD_PANEL_INTEGRATION_CYCLES,0);
SetInputMode (ccd_panel, CCD_PANEL_GAIN, 0);
SetInputMode (ccd_panel, CCD_PANEL_MODE,0);
SetInputMode (ccd_panel, CCD_PANEL_NO_AVERAGES,0);
SetInputMode (ccd_panel, CCD_PANEL_CORRECTION,0);
SetInputMode (ccd_panel, CCD_PANEL_OFFSET,0);
SetInputMode (ccd_panel, CCD_PANEL_PROBE,0);
SetInputMode (ccd_panel, CCD_PANEL_COMMENTS,0);
SetInputMode (ccd_panel, CCD_PANEL_FILE_NAME, 0);
SetInputMode (ccd_panel, CCD_PANEL_SYSTEM_CORRECTION,0);
SetInputMode (ccd_panel, CCD_PANEL_SHOTS,0);
SetInputMode (ccd_panel, CCD_PANEL_DISPLAYED_SPECTRUM,0);
SetInputMode (ccd_panel, CCD_PANEL_STOP,1);
/*
*** Disable the menu bar. The -1 indicates everything on ccd_menu, the 0
*** indicates that input is disabled.
*/
SetInputMode (ccd_menu, -1, 0);
}

void read_controls(void) /* Reads clock_speed, etc, from the front panel. */
{
GetCtrlVal (ccd_panel, CCD_PANEL_CLOCK_SPEED,&clock_speed);
GetCtrlVal (ccd_panel, CCD_PANEL_PULSE_LENGTH,&pulse_length);
GetCtrlVal (ccd_panel, CCD_PANEL_INTEGRATION_CYCLES,&integration_cycles);
GetCtrlVal (ccd_panel, CCD_PANEL_GAIN, &gain);
GetCtrlVal (ccd_panel, CCD_PANEL_MODE,&mode);
GetCtrlVal (ccd_panel, CCD_PANEL_CORRECTION,&correction);
GetCtrlVal (ccd_panel, CCD_PANEL_OFFSET,&offset);
GetCtrlVal (ccd_panel, CCD_PANEL_SHOTS,&shots);
}

void enable_controls(void) /* Enables all controls except STOP. */
{
SetInputMode (ccd_panel, CCD_PANEL_CLOCK_SPEED,1);
SetInputMode (ccd_panel, CCD_PANEL_PULSE_LENGTH,1);
SetInputMode (ccd_panel, CCD_PANEL_INTEGRATION_CYCLES,1);
SetInputMode (ccd_panel, CCD_PANEL_GAIN, 1);
SetInputMode (ccd_panel, CCD_PANEL_MODE,1);
SetInputMode (ccd_panel, CCD_PANEL_NO_AVERAGES,1);
SetInputMode (ccd_panel, CCD_PANEL_CORRECTION,1);
SetInputMode (ccd_panel, CCD_PANEL_OFFSET,1);
SetInputMode (ccd_panel, CCD_PANEL_PROBE,1);
SetInputMode (ccd_panel, CCD_PANEL_COMMENTS,1);
SetInputMode (ccd_panel, CCD_PANEL_FILE_NAME, 1);
SetInputMode (ccd_panel, CCD_PANEL_SYSTEM_CORRECTION,1);
SetInputMode (ccd_panel, CCD_PANEL_SHOTS,1);
SetInputMode (ccd_panel, CCD_PANEL_DISPLAYED_SPECTRUM,1);
SetInputMode (ccd_panel, CCD_PANEL_STOP,0);
SetInputMode (ccd_menu, -1, 1);/* The -1 implies all the menu, the 1 implies enabled. */
}

int mode_av_txt (int panel, int control, int event,
void *callbackData, int eventData1, int eventData2)

/*
*** This function ensures that the text on the averages label is consistant with the
*** read mode.
*/
{

unsigned short temp_mode;
switch (event) {

case EVENT_VAL_CHANGED:
GetCtrlVal (ccd_panel, CCD_PANEL_MODE,&temp_mode);
if(temp_mode==REFERENCE_CELL_SUBTRACT)

SetCtrlAttribute (ccd_panel, CCD_PANEL_NO_AVERAGES,ATTR_LABEL_TEXT,
"No ofAverages / 14");
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else
SetCtrlAttribute (ccd_panel, CCD_PANEL_NO_AVERAGES,ATTR_LABEL_TEXT,

"Averages / 24");
break;

}
return 0;

}

void store_background(int menubar, int menuItem, void *callbackData, int panel)
{
register unsigned short p;
for(p=0;p<NO_OF_POINTS;p++)

background[p] = output_array[shots - 1][p];
}

void display_integration_time()
{
sprintf(int_time, "Integration time: %.4g sec", 5e-7*clock_speed*pulse_length*

integration_cycles);
SetCtrlVal (ccd_panel, CCD_PANEL_INTEGRATION_TIME_DISP, int_time);
}

void set_axes()
{
SetAxisRange (ccd_panel, CCD_PANEL_GRAPH,VAL_NO_CHANGE,0.0, 1.0,

VAL_MANUAL, y_min, y_max);
SetCtrlAttribute (ccd_panel, CCD_PANEL_GRAPH,ATTR_YMAP_MODE,

y_axis_style);
switch(x_axis_style)

{
case(COLUMN_NO):
SetAxisRange (ccd_panel, CCD_PANEL_GRAPH,VAL_MANUAL, 0.0,

NO_OF_POINTS, VAL_NO_CHANGE,0, 1);
SetCtrlAttribute (ccd_panel, CCD_PANEL_GRAPH,ATTR_XNAME,

"CCD Column Number");
break;

case(WAVELENGTH):
SetAxisRange (ccd_panel, CCD_PANEL_GRAPH,VAL_AUTOSCALE, 710.0, 860.0,

VAL_NO_CHANGE,0, 1);
SetCtrlAttribute (ccd_panel, CCD_PANEL_GRAPH,ATTR_XNAME,

"Wavelength / nm");
break;

case(FREQUENCY_SHIFT):
SetAxisRange (ccd_panel, CCD_PANEL_GRAPH,VAL_AUTOSCALE, 700.0,

3500.0, VAL_NO_CHANGE,0, 1);
SetCtrlAttribute (ccd_panel, CCD_PANEL_GRAPH,ATTR_XNAME,

"Frequency Shift . cm");
break;
}

}

void system_correction (void)
{
FILE *file_handle;
file_handle = fopen ("c:\\cvi\\ccd\\ccdaryfc.fdt", "r");
if (file_handle == NULL)

{
MessagePopup ("Read File Error",

"The filter data file ccdaryfc.fdt is missing.");
SetCtrlVal (ccd_panel, CCD_PANEL_SYSTEM_CORRECTION,NONE);
}

else
{
int q=0;
GetCtrlVal (ccd_panel, CCD_PANEL_SYSTEM_CORRECTION,&filter);
while(q<NO_OF_POINTS)
{
float temp_filter_data[4];
if (fscanf(file_handle, "%f\t%f\t%f\t%f\n",

&temp_filter_data[NONE],&temp_filter_data[NO_FILTER],
&temp_filter_data[SRG695],&temp_filter_data[SRG715]) != 4)

{
MessagePopup ("Read File Error",

"The filter data file ccdfcors.fdt is corrupt:\n\
Data is in the wrong format.");

SetCtrlVal (ccd_panel, CCD_PANEL_SYSTEM_CORRECTION,NONE);
break;
};

filter_data[q]=temp_filter_data[filter];
q++;
}
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if(feof(file_handle))
MessagePopup ("Read File Error",

"The filter data file ccdfcors.fdt is corrupt:\n\
Not enough data in file.");

fclose(file_handle);
}

}

void plot_output(unsigned short int i)
{
float temp_array[NO_OF_POINTS], temp_x_array[NO_OF_POINTS];
unsigned short int q;

DeleteGraphPlot (ccd_panel, CCD_PANEL_GRAPH,array_plot, 0);
/*
***The ith array in output_array data is scaled before it is plotted
*/
for (q=0; q<NO_OF_POINTS; q++)

temp_array[q] = output_array[i][q] * filter_data[q];
/*
***Plot the data, give the plot the handle `array_plot'
*/
switch(x_axis_style)

{
case(COLUMN_NO):
array_plot = PlotY (ccd_panel, CCD_PANEL_GRAPH,temp_array,

NO_OF_POINTS, VAL_FLOAT, VAL_THIN_LINE,
VAL_EMPTY_SQUARE,VAL_SOLID, 1, VAL_YELLOW);

break;

case(WAVELENGTH):
for(q=0; q<NO_OF_POINTS; q++)

temp_x_array[q]=MEAS_WAVELENGTH(q+1);
array_plot = PlotXY (ccd_panel, CCD_PANEL_GRAPH,temp_x_array,

temp_array, NO_OF_POINTS, VAL_FLOAT, VAL_FLOAT,
VAL_THIN_LINE, VAL_NO_POINT, VAL_SOLID, 1,
VAL_YELLOW);

break;

case(FREQUENCY_SHIFT):
for(q=0; q<NO_OF_POINTS; q++)

temp_x_array[q]=FREQ_SHIFT(q+1);
array_plot = PlotXY (ccd_panel, CCD_PANEL_GRAPH,temp_x_array,

temp_array, NO_OF_POINTS, VAL_FLOAT, VAL_FLOAT,
VAL_THIN_LINE, VAL_NO_POINT, VAL_SOLID, 1,
VAL_YELLOW);

break;
}

}

void choose_x_axis (int menuBar, int menuItem, void *callbackData,
int panel)

/*
***The choose_x_axis function displays a child panel with one control, a ring containing
***a list of options for the x axis. The control is linked to the call back function
***xstyle, which reads the control value and closes the panel when a commit event recorded.
*/
{
SetInputMode (ccd_menu, -1, 0);/* The -1 implies all the menu, the 0 implies disabled. */
x_choose_panel = LoadPanel (ccd_panel, "ccd.uir", CHOOSE_X);
SetCtrlVal (x_choose_panel, CHOOSE_X_XSTYLE,x_axis_style);
DisplayPanel (x_choose_panel);
}

int xstyle (int panel, int control, int event,
void *callbackData, int eventData1, int eventData2)

{
switch (event) {

case EVENT_COMMIT:
GetCtrlVal (x_choose_panel, CHOOSE_X_XSTYLE,&x_axis_style);
DiscardPanel (x_choose_panel);
SetInputMode (ccd_menu, -1, 1);

/* The -1 implies all the menu, the 1 implies enabled. */
set_axes();
plot_output(shots - 1);
break;

}
return 0;

}

void choose_y_axis (int menuBar, int menuItem, void *callbackData,
int panel)

{
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SetInputMode (ccd_menu, -1, 0);/* The -1 implies all the menu, the 0 implies disabled. */
y_choose_panel = LoadPanel (ccd_panel, "ccd.uir", CHOOSE_Y);
DisplayPanel (y_choose_panel);
SetCtrlVal (y_choose_panel, CHOOSE_Y_YSTYLE,y_axis_style);
SetCtrlVal (y_choose_panel, CHOOSE_Y_MAX,y_max);
SetCtrlVal (y_choose_panel, CHOOSE_Y_MIN,y_min);
}

int ystyle (int panel, int control, int event,
void *callbackData, int eventData1, int eventData2)

{
switch (event) {

case EVENT_COMMIT:
GetCtrlVal (y_choose_panel, CHOOSE_Y_YSTYLE,&y_axis_style);
GetCtrlVal (y_choose_panel, CHOOSE_Y_MAX,&y_max);
GetCtrlVal (y_choose_panel, CHOOSE_Y_MIN,&y_min);

/*
***Don't allow y_min = 0 if the y_style is log.
*/

if((y_axis_style == 1) && (y_min == 0.00))
SetCtrlVal (y_choose_panel, CHOOSE_Y_MIN,1.00);

}
return 0;

}

int done (int panel, int control, int event,
void *callbackData, int eventData1, int eventData2)

/*
*** This function closes the y-axis style chose box
*/
{

ystyle (panel, control, event,
callbackData, eventData1, eventData2);

switch (event) {
case EVENT_COMMIT:

switch (y_axis_style) {
case 0:
y_axis_style = VAL_LINEAR;
break;

case 1:
y_axis_style = VAL_LOG;
break;
}

DiscardPanel (y_choose_panel);
SetInputMode (ccd_menu, -1, 1);

/* The -1 implies all the menu, the 1 implies enabled. */
set_axes();
plot_output(shots - 1);
break;

}
return 0;

}

int sys_correction (int panel, int control, int event,
void *callbackData, int eventData1, int eventData2)

{
switch (event) {

case EVENT_VAL_CHANGED:
system_correction();
plot_output(shots - 1);
break;

}
return 0;

}

int scroll (int panel, int control, int event,
void *callbackData, int eventData1, int eventData2)

/*
*** Call-back function to Displayed Spectrum control, scrolls
*** through aquired spectra on the graph display.
*/
{

switch (event)
{
unsigned short int viewed_spectrum;
case EVENT_VAL_CHANGED:

GetCtrlVal (ccd_panel, CCD_PANEL_DISPLAYED_SPECTRUM,&viewed_spectrum);
plot_output(viewed_spectrum);
break;

case EVENT_LEFT_DOUBLE_CLICK:
disable_controls();
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for(viewed_spectrum=0;viewed_spectrum<shots;viewed_spectrum++)
{
SetCtrlVal (ccd_panel, CCD_PANEL_DISPLAYED_SPECTRUM,

viewed_spectrum);
plot_output(viewed_spectrum);
Delay(0.5);
if(!checkstop())

{
enable_controls();
break;
}

}
enable_controls();
break;

}
return 0;

}

void file_data(int menubar, int menuItem, void *callbackData, int panel)
{

register short q=0,p=0;
FILE *file_handle;
char comments[256], probe[256], file_name[13], full_file_name[MAX_PATHNAME_LEN + 1];

/*
***Read file_name, probe type and comments from the front panel.
*/

GetCtrlVal (ccd_panel, CCD_PANEL_FILE_NAME, file_name);
GetCtrlVal (ccd_panel, CCD_PANEL_PROBE,probe);
GetCtrlVal (ccd_panel, CCD_PANEL_COMMENTS,comments);

/*
***If the FileSelectPopup() function returns a +ve value (new or existing file selected)
***then open the file and write the data to it, else return.
*/

switch(
FileSelectPopup ("\\cvi\\ccd\\data", file_name, "*.dat",

"Name of File to Save", VAL_OK_BUTTON,0, 0, 1, 1,
full_file_name))

{

/*
*** Check that it is ok to overwrite the file, if it already exists.
*/
case VAL_EXISTING_FILE_SELECTED:
if(ConfirmPopup ("Warning!", "Overwrite existing file?")==NO)

break;
/*
*** If it is ok to overwrite, the program drops through to the next block.
*/

case VAL_NEW_FILE_SELECTED:
file_handle = fopen (full_file_name, "w");

 /*
 ***Write the comments and information at the top of the file. If the
 ***read mode is anything other than BACKGROUND_SUBTRACT,averages is muliplied
 ***by 24 (see average_24() function).
 */
 fprintf(file_handle,"Hamamatsu C5809 CCD Data. %s\n\
Read mode:%5d\nLabPC+ ADC gain:%5d\nIntegration Time: %e seconds\nNo. of averages\
:%5d\nSystem correction:%5d\nProbe/input arrangement: %s\nComments: %s\n\
%18s%18s%18s\n",date, mode,gain,((1.0/2e6)*clock_speed * pulse_length * integration_cycles),
(mode==REFERENCE_CELL_SUBTRACT)?averages:(averages*24), filter, probe, comments,
"Wavelength/nm", "Wavenumber shift", "Normalised data");
 
 /*
 ***Write the data to the file. NB The column number is converted to wavelength
 ***and the data is corrected for the system response.
 */
 for(q=0;q<NO_OF_POINTS;q++)

{
fprintf(file_handle,"%18f%18f", MEAS_WAVELENGTH(q),

FREQ_SHIFT(q));
 for(p=0;p<shots;p++)
 fprintf(file_handle,"%18f",output_array[p][q] * filter_data[q]);
 fprintf(file_handle,"\n");
 }
 fclose(file_handle);
/*
***Write the file_name (the part of the full_file_name after the final '\') to the
***File Name string control on the front panel. The strrchr() function returns a pointer
***to the final '\', and the pointer is incremented by one.
*/

SetCtrlVal (ccd_panel, CCD_PANEL_FILE_NAME,strrchr (full_file_ name, '\\' ) + 1);
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 break;
 }
}

int monitor_ADC()
{
while(!finished && checkstop()) /* Waits in loop until DAQ_Check() sets */

DAQ_Check (1, &finished, &points); /* finished = 1 or checkstop() returns 0. */
/*
*** Occaisionally, during long sequences of scans, the program gets stuck in the loop
*** above. The variable 'finished' sticks at 0 (ie not finished) and the variable
*** 'points' sticks at NO_OF_POINTS- 1.
*/

if(!finished)
{
DAQ_Clear (1); /* Cancels DAQ operation if not already finished. */
return 0;
}

else
{
finished=0;
return 1; /* Returns the number of completed scans (ie, 1). */
}

}

int read_once(unsigned short temp_read_once_array[])
/*
*** Returns 0 for no reading. Returns 1, and plots raw data if one reading is successful.
*/
{
register short i;
/*
*** nb: temp_read_once_array in the DAQ_Start function is offset by one (the first
*** conversion pulse is ignored by the Lab_PC+ card), NO_OF_COUNTS decreased by 1 to compensate.
*/
DAQ_Start (1, 4, gain, temp_read_once_array + 1, NO_OF_COUNTS- 1, 0, 0);
while(!finished && checkstop()) /* Waits in loop until DAQ_Check() sets * /

DAQ_Check (1, &finished, &points); /* finished = 1 or checkstop() returns 0. */
/*
*** Occaisionally, during long sequences of scans, the program gets stuck in the loop
*** above. The variable 'finished' sticks at 0 (ie not finished) and the variable
*** 'points' sticks at NO_OF_POINTS- 1. (NB, this was when the loop was part of
*** the monitor_ADC() funcion, might be different now.)
*/

if(!finished)
{
DAQ_Clear (1); /* Cancels DAQ operation if not already finished. */
return 0;
}

else
{
finished=0;
for(i=1;i<NO_OF_POINTS;i++)

{
output_array[spectrum][i] = temp_read_once_array[i];
}

return 1; /* Returns the number of completed scans (ie, 1). */
}

}

int average_24(unsigned short average_24_array[][NO_OF_POINTS])
/*
*** This function averages 24 consecutive readings. (Averages a multiple of 4
*** because clock noise has a 1, 2, 3, 4 componant.) The first spectrum is ignored
*** as the first point is not recorded by the LabPC+ card.
*/
{
unsigned short p;
unsigned short q;

DAQ_Start (1, 4, gain, *(average_24_array) + 1, (25 * NO_OF_COUNTS)- 1, 0, 0);
if(!monitor_ADC())

return 0;

for(p=0;p<NO_OF_POINTS;p++)
{
output_array[spectrum][p] = 0.0;
}

for(p=0;p<NO_OF_POINTS;p++)
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{
for(q=1;q<25;q++)

{
output_array[spectrum][p] += average_24_array[q][p] / 24.0;
}

}
return 1;
}

int referenced_read(unsigned short ref_read_array[][NO_OF_POINTS])
/*
*** Returns 1 and plots data if one referenced reading is successful, returns 0 otherwise.
*** A referenced reading is the reading from the reference cell (orange port of DiCon
*** optical fibre switch) subtracted from the sample cell reading (green port). The
*** referenced reading is stored in output_array, the same array as specified for the
*** raw data in the DAQ_Start function.
*/
{

unsigned short p, q;

/*
*** Take C0 low for 10mS: both JK-clear gates, and timer B2 gate are taken low,
*** This forces both JKs into the low state, and restarts timer B2 so that the
*** DiCon fibre switch always starts with the same port on.
*** 32 consecutive CCD frames are read; the switch changes port after the second reading.
*** Sub-arrays 0 and 2 (readings 1 and 3) are discarded as the switch position is ambiguous.
*/

DIG_Out_Port (1, 2, 0);
Delay (0.01); /* Delay in seconds. */
DAQ_Start (1, 4, gain, *(ref_read_array) + 1, (32 * NO_OF_COUNTS)- 1, 0, 0);
DIG_Out_Port (1, 2, 1);
if(!monitor_ADC())

return 0;

/*
*** Clear the arrays ref_read_array[0][] and r_r_a[16][]. Average [1][] to [14][] and put
*** in [0][], and average [17][] to [30][] and put in [16][].
*/

for (q=0;q<512;q++)
{
ref_read_array[0][q]=0;
ref_read_array[16][q]=0;
}

for (p=1;p<15;p++)
{
for (q=0;q<512;q++)

{
ref_read_array[0][q] += ref_read_array[p][q];
ref_read_array[16][q] += ref_read_array[p+16][q];
}

}

/*
*** If reference cell correction is ON (selected from the front panel)
*** then the reference cell reading is scaled by the factor 'offset'
*** (also selected from the front panel).
*/
switch(correction)

{
case ON:

for(q=0;q<NO_OF_POINTS;q++)
output_array[spectrum][q] = ref_read_array[0][q]/14.0 -
offset * ref_read_array[16][q]/14.0;

break;
case OFF:

for(q=0;q<NO_OF_POINTS;q++)
output_array[spectrum][q] = ref_read_array[0][q]/14.0 -
ref_read_array[16][q]/14.0;

break;
}

return 1;
}

void read(int menubar, int menuItem, void *callbackData, int panel)
{

averages=0;
finished=0;

disable_controls();
read_controls();
display_integration_time();
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ICTR_Setup (1, 0, 3, clock_speed, 1); /* Sets LabPC timers from CLOCK_SPEED,etc */
ICTR_Setup (1, 1, 3, pulse_length, 1);
ICTR_Setup (1, 2, 2, integration_cycles, 1);

/*
*** This block takes a reading, which is then discarded due to ambiguous
*** integration time. (Point [0][0] is not used, as the LabPC+ does not measure
*** the first point. (See DAQ_CONFIGin the NI_DAQ reference manual.)
*/

DAQ_Start (1, 4, gain, &temp_read_array[0][1], NO_OF_COUNTS,0, 0);
if(!monitor_ADC())

enable_controls();

switch(mode)
{
register unsigned short p=0;

case REFERENCE_CELL_SUBTRACT:
switch(menuItem)
{

case CCD_MENU_READ_SEQUENTIAL:
for (spectrum=0;spectrum<shots;spectrum++) /* bigarrayoutput for loop */

{
referenced_read(temp_read_array);
/* *** Plots ouptut at the end of this function *** */
}

break;

case CCD_MENU_READ_MANUAL:
for (spectrum=0;spectrum<shots;spectrum++) /* bigarrayoutput for loop */

{
SetCtrlVal (ccd_panel, CCD_PANEL_DISPLAYED_SPECTRUM,spectrum);
while(referenced_read(temp_read_array))/* referenced_read returns 1,

indicating scan completed. */
{
/* *** Sits in this loop until stop is pressed. *** */
plot_output(spectrum);
}

}
DAQ_Clear(1);
break;

case CCD_MENU_READ_AUTO:
for (spectrum=0;spectrum<shots;spectrum++) /* bigarrayoutput for loop */

{
register unsigned short n;

GetCtrlVal (ccd_panel, CCD_PANEL_NO_AVERAGES,&averages);
for(n=1; referenced_read(temp_read_array) && (n <= averages); n++)

{
for(p=0;p<NO_OF_POINTS;p++)

running_average[p] = ((n-1.0)/n)*running_average[p] +
(1.0/n) * output_array[spectrum][p] ;

plot_output(spectrum);
SetCtrlVal (ccd_panel, CCD_PANEL_DISPLAYED_SPECTRUM,spectrum);
}

for(p=0;p<NO_OF_POINTS;p++)
output_array[spectrum][p]=running_average[p];

}
break;
}

break;

default: /* For modes other than reference cell subtract. */
switch(menuItem)
{
case CCD_MENU_READ_SEQUENTIAL:

/*
*** This DAQ_Start command will read 'shots' * NUMBER_OF_POINTSdatapoints from the CCD, ie
*** 'shots' complete spectra. The very first data point is skipped, as the LabPC+ card will not
*** measure it. (See NI-DAQ ref manual description of the DAQ_Config function.)
*/

DAQ_Start (1, 4, gain, *(temp_read_array)+1, shots*NO_OF_COUNTS - 1 , 0, 0);
while(!finished && checkstop()) /* Waits in loop until DAQ_Check() sets */

DAQ_Check (1, &finished, &points); /* finis hed = 1 or checkstop() returns
0. */
/*
*** Occasionally, during long sequences of scans, the program gets stuck in the loop
*** above. The variable 'finished' sticks at 0 (ie not finished) and the variable
*** 'points' sticks at NO_OF_POINTS- 1. (NB, this was when the loop was part of
*** the monitor_ADC() funcion, might be different now.)
*/
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if(!finished)
{
DAQ_Clear (1); /* Cancels DAQ operation if not already finished .

*/
}

else
{
finished=0;
}

if(mode==BACKGROUND_SUBTRACT)
{
for(p=1;p<shots*NO_OF_POINTS;p++)

{
/*
*** output_array is cast into a single dimensional array so that only one counter is needed.
*/

(*output_array)[p] = (* temp_read_array)[p] - background[(unsigned
short)fmod(p,NO_OF_POINTS)];

}
}

else
{
for(p=1;p<shots*NO_OF_POINTS;p++)

{
/*
*** output_array is cast into a single dimensional array so that only one counter is needed.
*/

(*output_array)[p] = (*temp_read_array)[p];
}

}
break;

case CCD_MENU_READ_MANUAL:
for (spectrum=0;spectrum<shots;spectrum++) /* bigarrayoutput for loop */
{
SetCtrlVal (ccd_panel, CCD_PANEL_DISPLAYED_SPECTRUM,spectrum);
while(read_once(*temp_read_array))
/* ie, if read_1 returns 1, indicating scan completed. */
/* if monitor_ADC() returns zero, loop terminates. */

{
if(mode==BACKGROUND_SUBTRACT)

{
for(p=0;p<NO_OF_POINTS;p++)

output_array[spectrum][p] -= background[p];
}

plot_output(spectrum);
}

}/* End of bigarrayoutput for loop */
break;

case CCD_MENU_READ_AUTO:
for (spectrum=0;spectrum<shots;spectrum++) /* bigarrayoutput for loop */
{
register unsigned short n;
GetCtrlVal (ccd_panel, CCD_PANEL_NO_AVERAGES,&averages);
for(n=1; average_24(temp_read_array) && (n <= averages); n++)
{
if(mode==BACKGROUND_SUBTRACT)

{
for(p=0;p<NO_OF_POINTS;p++)

output_array[spectrum][p] -= background[p];
}

for(p=0;p<NO_OF_POINTS;p++)
running_average[p] = ((n-1.0)/n) * running_average[p] +

(1.0/n) * output_array[spectrum][p] ;
}
for(p=0;p<NO_OF_POINTS;p++)

output_array[spectrum][p]=running_average[p];
plot_output(spectrum);
SetCtrlVal (ccd_panel, CCD_PANEL_DISPLAYED_SPECTRUM,spectrum);
}/* End of bigarrayoutput for loop */
break;
}

break;
}
enable_controls();
SetCtrlVal (ccd_panel, CCD_PANEL_NO_AVERAGES,averages);
SetCtrlVal (ccd_panel, CCD_PANEL_DISPLAYED_SPECTRUM,shots - 1);
plot_output(shots - 1);
Beep ();

}
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main()
{
/*
*** Set up the display panel and menu. ***
*/
ccd_panel = LoadPanel (0, "ccdarray.uir", CCD_PANEL);
ccd_menu = LoadMenuBar (CCD_PANEL, "ccdarray.uir", CCD_MENU);
DisplayPanel(ccd_panel);
SetPanelAttribute (ccd_panel, ATTR_CLOSE_CTRL, CCD_MENU_FILE_QUIT);

/*
*** Read the default parameters, display the integration time in seconds, and load the
*** filter correction matrix.
*/
read_controls();
display_integration_time();
system_correction();

/*
***Read the system date for inclusion in the data file, and display it on the front panel.
*/
GetSystemDate (&month, &day, &year);
sprintf(date, "Date: %d.%d.%d", day, month, year);
SetCtrlVal (ccd_panel, CCD_PANEL_DATE,date);

/*
***Plot the (currently) empty array 'output_array' so that first call to
***'DeleteGraphPlot()' (in 'plot_output()') does not return an error.
*/
array_plot = PlotY (ccd_panel, CCD_PANEL_GRAPH,&output_array[0][0],

NO_OF_POINTS, VAL_FLOAT, VAL_THIN_LINE,
VAL_EMPTY_SQUARE,VAL_SOLID, 1, VAL_YELLOW);

/*
*** Line 0 of Port C controls the gate of LabPC card counter B2,
*** and the clear line of the JK flip flop in the power supply box.
*/
DIG_Prt_Config (1, 2, 0, 1);
DIG_Out_Port (1, 2, 1);
/*
***While C0 is high, gate B2 is open.
*/
/*
*** This part starts the counters ticking. ***
*/
ICTR_Setup (1, 0, 3, clock_speed, 1);
ICTR_Setup (1, 1, 3, pulse_length, 1);
ICTR_Setup (1, 2, 2, integration_cycles, 1);
/*
*** They will carry on until the computer is switched ***
*** off or they are told to do something else. ***
*/

DAQ_Config (1, 1, 3);
/*
*** External start scan triggering on Pin 38 (positive edge).
*** External clock control of sample-interval AND scan interval
*** timing (ie mode 3) selected. Mode 1 should work (?) but then
*** the counter B1 is required by the LabPC card for scan interval
*** timing. In this project all three counters are required to
*** generate the timing control signals, and scan interval timing
*** is not required.
*/
/*
*** All further actions are prompted by input from ***
*** the front panel. ***
*/
RunUserInterface();
}
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Appendix C: Data Sheets



Copyright 1998Steven J Mackenzie Remote Spectroscopic Monitoringof LiquidsVia Sili ca Optical Fibres

Thesis for PhD —December 1997 152 email : stevenjmackenzie@usa.net



Copyright 1998Steven J Mackenzie Remote Spectroscopic Monitoringof LiquidsVia Sili ca Optical Fibres

Thesis for PhD —December 1997 153 email : stevenjmackenzie@usa.net



Copyright 1998Steven J Mackenzie Remote Spectroscopic Monitoringof LiquidsVia Sili ca Optical Fibres

Thesis for PhD —December 1997 154 email : stevenjmackenzie@usa.net



Copyright 1998Steven J Mackenzie Remote Spectroscopic Monitoringof LiquidsVia Sili ca Optical Fibres

Thesis for PhD —December 1997 155 email : stevenjmackenzie@usa.net



Copyright 1998Steven J Mackenzie Remote Spectroscopic Monitoringof LiquidsVia Sili ca Optical Fibres

Thesis for PhD —December 1997 156 email : stevenjmackenzie@usa.net



Copyright 1998Steven J Mackenzie Remote Spectroscopic Monitoringof LiquidsVia Sili ca Optical Fibres

Thesis for PhD —December 1997 157 email : stevenjmackenzie@usa.net



Copyright 1998Steven J Mackenzie Remote Spectroscopic Monitoringof LiquidsVia Sili ca Optical Fibres

Thesis for PhD —December 1997 158 email : stevenjmackenzie@usa.net



Copyright 1998Steven J Mackenzie Remote Spectroscopic Monitoringof LiquidsVia Sili ca Optical Fibres

Thesis for PhD —December 1997 159 email : stevenjmackenzie@usa.net



Copyright 1998Steven J Mackenzie Remote Spectroscopic Monitoringof LiquidsVia Sili ca Optical Fibres

Thesis for PhD —December 1997 160 email : stevenjmackenzie@usa.net



Copyright 1998Steven J Mackenzie Remote Spectroscopic Monitoringof LiquidsVia Sili ca Optical Fibres

Thesis for PhD —December 1997 161 email : stevenjmackenzie@usa.net



Copyright 1998Steven J Mackenzie Remote Spectroscopic Monitoringof LiquidsVia Sili ca Optical Fibres

Thesis for PhD —December 1997 162 email : stevenjmackenzie@usa.net



Copyright 1998Steven J Mackenzie Remote Spectroscopic Monitoringof LiquidsVia Sili ca Optical Fibres

Thesis for PhD —December 1997 163 email : stevenjmackenzie@usa.net



Copyright 1998Steven J Mackenzie Remote Spectroscopic Monitoringof LiquidsVia Sili ca Optical Fibres

Thesis for PhD —December 1997 164 email : stevenjmackenzie@usa.net



Copyright 1998Steven J Mackenzie Remote Spectroscopic Monitoringof LiquidsVia Sili ca Optical Fibres

Thesis for PhD —December 1997 165 email : stevenjmackenzie@usa.net



Copyright 1998Steven J Mackenzie Remote Spectroscopic Monitoringof LiquidsVia Sili ca Optical Fibres

Thesis for PhD —December 1997 166 email : stevenjmackenzie@usa.net



Copyright 1998Steven J Mackenzie Remote Spectroscopic Monitoringof LiquidsVia Sili ca Optical Fibres

Thesis for PhD —December 1997 167 email : stevenjmackenzie@usa.net



Copyright 1998Steven J Mackenzie Remote Spectroscopic Monitoringof LiquidsVia Sili ca Optical Fibres

 72 dB at 60 Hz for +-5 V common-mode range; 75 dB at 60 Hz for -2.5 to +-54

V common-mode range.

Thesis for PhD —December 1997 168 email : stevenjmackenzie@usa.net

National Instruments Corporation A-l Lab-PC+ User Manual

National Instruments Lab-PC+ Specifications

This appendix lists the specifications of the Lab-PC+. These specification s
are typical at 25 � C unless otherwise stated. The operating temperature range
is 0 � to 70 � C.

Analog Input

Number of input channels 8 single-ended, 4 differential

Analog resolution 12 bits, 1 in 4,096

Relative accuracy (nonlinearity) +-1.5 LSB maximum
Nonlinearity + quantization error 0.5 LSB typical
(see explanation of specifications)

Differential nonlinearity +-l LSB maximum (no mis sing codes)
 0.5 LSB typical

Analog input range 5 V or 0 to +10 V,
jumper-selectable

Common-mode ranges
+-5 V analog input range (bipolar)

5 V4

0 to 10 V analog input range (unipolar)
0 to 10 V

Common-mode rejection at 60 Hz 75 dB typical at gain = 1
80 dB typical at gain = 100

Input signal gain 1, 2, 5, 10, 20, 50, 100,
software-selectable

Measurement (gain) accuracy
gain = 1 0.04% maximum 0.025% typical

Offset error
(calibration performed at gain = 1)

trimmable to zero

Offset adjustment range, minimum
Unipolar or bipolar ranges +-47 LSB

Gain adjustment range, minimum
Unipolar or bipolar ranges 93 LSB

System noise 0.3 LSB rms for gain = 1
0.6 LSB rms for gain = 100

Temperature coefficients
Gain error +-50 ppm/ � C
Offset error 450 µV/ � C + 10 µV/ � C * gain

Input bias current 150 pA

Input impedance 0.1 Gohm in parallel with 45 pF
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Input protection +-45 V on all inputs (not ground)

Explanation of Analog Input Specif cations

Relative accuracy is a measure of the linearity of an ADC. However, relative
accur acy is a tighter specification than a nonlinearity specification .
Relative accuracy indicates the maximum deviation from a straight line for th e
analog input-to-digital output transfer curve. If an ADC has been calibrated
perfectly, then this straight line is the ideal transfer function, and th e
relative accuracy speci fication indicates the worst deviation from the ideal
that the ADC permits.

A relative accuracy specification of +-lLSB is roughly equivalent to (but not
the same as) a +-1/2LSB nonlinearity or integral nonlinearity specificatio n
becaus e relative accuracy encompasses both nonlinearity and variabl e
quantization uncertainty, a quantity often mistakenly assumed to be exactl y
+-1/2 LSB. Although quantization uncertainty is ideally +-1/2LSB, it can be
different for each poss ible digital code and is actually the analog width of
each code. Thus, it is more specific to use relative accuracy as a measur e of
linear ity than it is to use what is normally called nonlinearity, becaus e
relativ e accuracy ensures that the sum of quantization uncertainty and A/ D
conversion error does not exceed a given amount.

Integral nonlinearity in an ADC is an often ill-defined specification tha t is
suppose d to indicate a converter's overall A/D transfer linearity. The
manufac turers of the ADC chips used by National Instruments specify thei r
integral nonlinearity by stating that the analog center of any code will not
devia te from a straight line by more than +-1/2 LSB. This specification i s
misleading because, although the center of a particularly wide code may be
found within +-1/2LSB of the ideal, one of its edges may be well beyond +- 1
LSB; thus, the ADC would have a relative accuracy of that amount. Nationa l
Instru ments tests its boards to ensure that they meet all three linearit y
specif ications defined in this appendix; specifications for integra l
nonlinearity are included primarily to maintain compatibility with a
convention of specifications used by other board manufacturers. Relativ e
accuracy, however, is much more useful.

Differential nonlinearity is a measure of deviation of code widths from t heir
theoretical value of lLSB. The width of a given code is the size of the r ange
of analog values that can be input to produce that code, ideally 1 LSB. A
specification of +-1LSB differential nonlinearity ensures that no code has a
width of 0 LSBs (that i s, no missing codes) and that no code width exceeds 2
LSBs.

System noise is the amount of noise seen by the ADC when there is no signa l
presen t at the input of the board. The amount of noise that is reporte d
dir ectly (without any analysis) by the ADC is not necessarily the amount of
real noise present in the system, unless the noise is >=0.5LSB rms. Noise tha t
is less than this magnitude produces varying amounts of flicker, and th e
amount of fl icker seen is a function of how near the real mean of the nois e
is to a code transition. If the mean is near or at a transition between codes ,
the ADC flickers evenly between the two codes, and the noise is seen as very
nearly 0.5 LSB. If the mean is near the center of a code and the noise i s
relatively small, very little or no flicker is seen, and the noise is reporte d
by the ADC asnearly 0 LSB. From the relationship between the mean of the nois e
and the measured rms magnitude of the noise, the character of the noise can
be determined. National Instruments has determined that the character of the
noise in the Lab-PC+ is fairly Gaussian, and so the noise specifications give n
are the amounts of pure Gaussian noise required to produce our readings.

Analog Data Acquisition Rates

Maximum sample rate 83.3 kHz (gain = 1)
71.4 kHz (all other gains)
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Analog bandwidth (-3 dB) 400 kHz (gain = 1)
40 kHz (gain = 100)

Maximum multichannel scan rate
62.5 kHz (gain < 50) typical,
55.5 kHz worst case

(To settle within +-1.0 LSB) 20 kHz (gain = 100)

Analog Output

Number of output channels Two single-ended

Analog resolution 12 bits, 1 part in 4,096

Relative accuracy (nonlinearity)
0.50 LSB maximum
+-0.25 LSB typical

Differential nonlinearity 0.75 LSB maximum (monotonic ove r
temperature)
0.25 LSB typical

Offset adjustment range, minimum
+-37 mV

Gain adjustment range, minimum
+-100 mV

Output voltage ranges 0 to +10 V, unipolar mode 5 V, bipola r
mode, software-selectable

Current drive capability +-2 mA
Output settling time 6 µsec for 10 V step to 0.012%
Output slew rate 10 V/µsec

Temperature coefficients
Gain error +10 ppm/ � C
Voltage offset +60 µV/ � C

Output impedance 0.2 ohm typical

Explanation of Analog Output Specifications

Relativ e accuracy in a D/A system is the same as nonlinearity, because no
uncertainty is added due to code width. Unlike an ADC, every digital code in
a D/A system represents a specific analog value rather than a range of values .
The relative accuracy of the system is therefore limited to the worst-cas e
deviation from the ideal correspondence (a straight line), excepting noise .
If a D/A system has been calibrated perfectly, then the relative accurac y
specification reflects its worst-case absolute error.

Dif ferential nonlinearity in a D/A system is a measure of deviation of cod e
width fr om 1 LSB. In this case, code width is the difference between th e
analog values produced by consecutive digital codes. A specification of +- 1
LSB dif ferential nonlinearity ensures that the code width is always greate r
than 0 LSBs (guaranteeing monotonicity) and is always less than 2 LSBs.

Digital I/O

Compatibility TTL-compatible

Configuration Three 8-bit ports (uses 8255A PPI)
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Input logic low voltage 0.8 V maximum

Input logic high voltage 2.0 V minimum

Output logic low voltage
 at output current = 1.7 mA 0.45 V maximum

Output logic high voltage
 at output current = -200 IlA 2.4 V minimum

Input load current
 O<=Vin<=5 V +-10 µA maximum

Darlington drive current
 (Ports B and C only)
 R = 750 ohm; V = 1.5 V -1.0 mA minimumEXT EXT

-4.0 mA maximum

Timing I/O

Configuration Three 16-bit counter/timers (uses two
8253 STCs)

Compatibility TTL-compatible inputs and outputs.
Counter gate and clock inputs are pulled up
with 4.7 kQ resistors onboard.

Input logic low voltage 0.8 V maximum

Input logic high voltage 2.2 V minimum

Output logic low voltage
 at output current = 1.6 mA 0.45 V maximum

Output logic high voltage
 at output current = -150 µA 2.4 V minimum

Specifications

Input load current
 0 <= Vin < =5 V [(5.0 - Vin) /10] mA

Input capacitance at 1 MHz 10 pF maximum

Base clock frequency 2 MHz +-0.01%

Power Requirements (from PC)

Power consumption
 +5 VDC 150 mA*
 +12 VDC 70 mA
 -12 VDC 45 mA
* Additional current up to 1 A can be drawn by the user through the 50-pin I/ O
connector.

Physical

Board dimensions 6.5 by 3.9 in.

I/O connector 50-pin keyed male ribbon cable connector

Operating Environment
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Component temperature 0 � to 70 � C

Relative humidity 5% to 90% noncondensing

Storage Environment

Temperature -55 � to 150 � C

Relative humidity 5% to 90% noncondensing
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Appendix D: Measured Optical Component Performance

In this appendix, the measured optical absorbances of the filters mentioned in this thesis are
presented.They weremeasured onaPerkin-Elmer Lamda9 spectrophotometer, with ascan speed
of 60nm·m , response timeof 2 seconds, NIR sensitivity of 2, andaslit width of 0.5nm.-1

The instrumental discontinuities evident at around850 nm are irrelevant, as the traces were
recorded only to ensurethat thefilter blocking actionwas constant over the light rangedetected
by sili condetectors.
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Appendix E : Raman Spectra Measured Using The
Equipment Described in Chapter 3

In this appendix, several Raman spectra are presented, measured under the conditions noted in
each figure.

Thespectrapresented are:� Toluene (1 - 1 200readings averaged)� Water, H O2� Hydrogen peroxide, H O2 2� Chloroform, CHCl3� Tetra-chloro ethene, CCl .CCl2 2� c-Hexane, C H6 12� n-Hexane, C H6 14� Iso-propyl alcohol (IPA), CH .CHOH.CH3 3� Methanol, CH OH3� Toluene, C H CH6 5 3� Xylene, C H (CH )6 4 3 2� Aspirin tablet� Paracetamol tablet
� Panacryl Blue5G dye fluorescenceandabsorbance
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Figure F.1 The Raman spectra of Teflon AF 1600andPTFE.

Appendix F: Raman and Differential Thermal Analysis of
Teflon AF-1600
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Figure F.2 DTA tracefor the Teflon AF granules, assupplied by duPont, before any processing.
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Figure F.3 DTA traceof Teflon AF deposited out of solution in Fluorinert FC75andbaked at 150ºC.


