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ABSTRACT

The pressure broadening of several infrared vibration-

rotation lines of HF and HCl by 15 to 140 atm of argon has

been studied using a tunable optical parametric oscillator

spectrometer. To campare with these experiments, estimates

have been made of a formal theory for the density expansion

of the pressure broadened lineshape.

Comparison is made in second order in density, between

the theory, the experiments described in this work, and

other experiments on the absorption coefficient and on the

diffusion coefficient. Also, comment is made on the difficulty

of finding third order (logarithmic) density terms, especially

with regard to preliminary experiments with a tunable diode

laser.

Thesis Supervisors: Jeffrey I. Steinfeld and Irwin Oppenheim

Titles: Associate Professor of Chemistry and Professor of

Chemistry
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OPTICAL PARAMETRIC OSCILLATOR EXPERIMENTS

A. Introduction

This thesis contains both experimental and theoretical

results on the shapes of infrared absorption lines broadened

by moderate densities of foreign gas. Part I of the thesis

reports on the broadening of HCl and HF vibration-rotation

lines by 15 to 140 atmospheres of argon, studied with a

tunable laser spectrometer. The second part attempts the

numerical estimation of a formal theory of the density

dependence of transport coefficients. It also discusses

the agreement of these estimates with experiment, especially

with the line broadening data of Part I.

Line broadening has been studied for a number of reasons,

most often to gain information on intermolecular potentials

through the application of scattering theory to the effective

cross sections obtained from linewidths. But here we wish

chiefly to compare observations at moderate densities with

a statistical mechanical theory approximated in such a

fashion that cross sections are not calculated but taken from

low density measurements.

The original reason for undertaking this study was to

investigate the theoretical prediction of a logarithmic term

in the density expansions of transport coefficients. The

physical origin of this term, and the considerable theoretical

speculation and several experimental searches it has

15



occasioned are discussed in Section II A. These previous

studies of viscosity and thermal conductivity experiments

have been inconclusive as to the existence of a logarithmic

term because the relevant properties are difficult to

measure and the data exhibits considerable random scatter.

Yet the statistical mechanical calculation of the

absorption coefficient is similar to that of these more

familiar transport coefficients, and it has been predicted

that at the zero density resonance frequency, its density

expansion should also contain a logarithmic term. It was

hoped that spectroscopic measurements could be made with

greater precision. Such is indeed often the case, but

here the spectrometer, based on a tunable optical parametric

oscillator, was only able to measure linewidths with the

precision on the order of that of the best transport

coefficient measurements.

Since the logarithmic term is to appear in third

order in density, it seemed unlikely that parametric

oscillator experiments would ever attain the required

precision to find it. But effects of second order in

the density have long been seen in transport co_efficient

experiments. It is this study of second density effects

on the linewidth that occupies the bulk of this thesis.

Their size and theoretical estimates of what is expected

could be used to predict the size of possible logarithmic

terms. This will not be attempted here, but since, as

| 5



we will find in Section II D, the observed second density

effects if they exist at all are almost within the noise

level of the data, we can conclude that effects on the

linewidth of higher order in the density, such as

logarithmic terms, could not be found with the present

parametric oscillator spectrometer. (As discussed in

Section II A the logarithmic term may also manifest itself

in the shape of the line, but again the parametric oscillator

data has too much noise for there to be any chance of

finding it. Although no experiments were done using a

tunable diode laser, the possibility that its different

properties might make it more appropriate for such studies

is discussed in Appendix E.)

In addition to the interest in agreement between theory

and experiment, there are other, practical reasons for this

research. The design of high pressure gas lasers requires

knowledge of the pressure broadened linewidth, and some laser

systems operate at pressures where higher density effects

might be expected to show up. However, the conclusion to

be drawn from this work is that as an engineering approximation

linewidths vary linearly with density up to the range of

100 atmospheres.

Another reason for this project is that since absorption

profile measurements require accurate knowledge of both

relative intensity and frequency, they make an excellent

first test of a new tunable laser system. Indeed the

 FL



development of the parametric oscillator as a spectrometer

together with the assumption that higher density effects are

small make it a useful system for measuring low density

linewidths, as we shall see in Sections I D and I E.

18



B. General Description of Experiment

Absorption measurements were made using the tunable

infrared radiation from a Chromatix optical parametric

oscillator, in the wavelength region of 2.55 to 2.65

microns for the HF P branch and from 3.3 to 3.4 microns

for the R branches of HCl and DF. A block diagram of the

apparatus is presented in Figure 1.

The parametric oscillator is pumped by the .532

micron green line of a Chromatix Q-switched frequency-

doubled Nd:YAG laser. The laser is externally pulsed at

30 Hz using a General Radio model 1217-A pulse generator.

Operation and maintainance of the Chromatix system are

discussed in Appendix A.

The infrared beam passes through a quartz lens, which

makes it less divergent, to a germanium beamsplitter. The

beamsplitter has one side anti-reflection coated and has

a (Valpey) coating on the other side such that 90 per cent

of the infrared in reflected through the sample cell to an

infrared detector, and 10 per cent is transmitted to a

reference detector. (However, germanium with only the

anti-reflection coating could also be used, giving about

half transmitted and half reflected, by compensating with

detector amplification.) The design of the monel high pressure

sample cell, as well as the details of the vacuum and high

pressure system and pressure measurement may be found in

Appendix B.

16



Figure 1: Tunable laser absorption

spectrometer block diagram.
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Appendix C includes the biasing circuit for the infrared

detectors. They were photoconductive, usually Mullard RPY77

InSb detectors operated at room temperature with the laser

focused directly onto the face of the detector by a two inch

focal length, quartz, anti-reflection coated lens. Some data

was also taken using laser light scattered onto Ge:Au liquid

nitrogen cooled detectors, in an attempt to alleviate the

intensity measurement problems discussed in Section I C.

However, the quality of the data turned out to be the same

for both sets of detectors.

The voltage pulses from the detectors are less than 200

nsec in width. They are attenuated using a selection of

terminators ranging from 50 to 1000 ohms, and then amplified

by C-Cor 4376P pulse amplifiers. The preamplifiers are

operated with a nominal gain of ten, although the actual gain

factor is a little over twenty. Terminators are selected so

that the amplifier output has about one volt peak height,

since the amplifiers saturate for pulses much above this

value.

The voltage pulses from the cell and reference detectors

are integrated by an operational-amplifier integrator circuit,

a block diagram of which is shown in Figure 2. Because the

laser pulse is immediately preceded by a large amount of

electrical noise, a FET switch controlled by trigger pulses

from the laser power supply is used to gate the input so that

only the laser pulse is integrated. Integration produces

1 G



Figure 2: Gated operational-amplifier

integrator block diagram, showing input

and output waveforms as they appear in

oscilloscope traces.
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essentially a DC level which is read by the analog to digital

converter interfaced to the PDP-8/L minicomputer, after which

the integrator level is returned to its initial value by a

second switch. The parametric oscillator pulses from the

infrared detectors with peak values of 1 to 2 volts produce

integrated levels of 5 to 10 volts. More detailed schematics,

specifications, and operating instructions for the gated

op-amp integrator are contained in Appendix C.

The computer averages the ratio of reference to cell

pulse areas and outputs this at intervals onto a Heath strip

chart recorder, and onto punched tape, so that several scans

may be later averaged. Since the laser is externally pulsed,

a certain number of pulses has a fixed relation to a certain

amount of parametric oscillator scanning time, and therefore

to a frequency increment.

The computer can also output the value for single pulses

from the reference and cell detectors as the x and y cocrdinates

of a point on the ARDS graphics display terminal, as discussed

in Section I C to look at random errors in intensity

measurement. The machine language programs used in acquiring

the data are listed and commented on in Appendix D. In

addition, FOCAL programs used in reading the punched tapes of

absorption data, processing and plotting out absorption curves,

and generating Lorentzian fits to experimental data are given

in Appendix D. An example of the treatment of a set of tapes

to produce an averaged lineshape and a fit to a sum of

py)



Lorentzians is given is Section I C.
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C. Precision of Frequency and Amplitude Measurements

Absorption lineshape measurements are among the most

difficult that can be attempted using laser spectroscopy,

since one needs accurate measurement of both relative

intensity and frequency. In particular, an optical

parametric oscillator (OPO) is difficult to work with

since it has a finite frequency bandwidth of around 0.4

cmt and instability in pulse amplitude over all time

scales. Parametric oscillation involves the generation

of infrared and red light amplified out of quantum noise

by the action of the green Nd:YAG laser light on a crystal

possessing a nonlinear optical susceptibility. (The

theory of the optical parametric oscillator is discussed

further in References 1-6.)

The fact that these nonlinear susceptibilities are

small means that when the pump laser is operated at

maximum available power its 30 and 40 per cent variations

are reflected in the output of the parametric oscillator,

while at any lower power the same fluctuations in laser

power are translated into OPO pulses which range from a

maximum amplitude all the way to zero. Figure 3 shows

oscilloscope displays of the laser and OPO pulses.

Another property of parametric oscillation is that

generation can occur anywhere under a gain envelope of about

1 cml in width, an instability which is magnified when

the frequency is being scanned. This and other aspects of

 2 A



Figure 3a:0Oscilloscope traces of Nd:YAG

laser and optical parametric oscillator

pulses. In the upper trace, the green laser

light scattered off a white screen is detected

by a PIN photodiode with 100Q termination.

The laser was operating at 380 V lamp voltage

and 30 Hz repetition rate, and gave an average

power of 19 mW. In the lower trace is shown

the OPO infrared pulse from an InSb detector

with a 330f terminator and 10x amplification.

The laser if focused directly onto the face of

the detector, and the OPO is operating at

415°C with Pl mirrors. For all traces the

horizontal scale is 100 nsec/cm, and the

vertical scale is 1.0 V/cm.

Figure 3b: Same as 3a except at higher laser

power, so that now fluctuations in OPO output

are those of the Nd:YAG laser, rather than

going all the way to zero.
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the frequency and amplitude characteristics of the OPO

will be discussed in this section, as well as an example

of the treatment of experimental data.

The frequency characteristics of the OPO introduce

both a systematic and random error into the measurement

of linewidths, which we discuss in turn. The finite laser

linewidth produces additional broadening of the observed

absorption line, like the instrumental broadening due to

the finite slit width of conventional spectrometers. In

that case, the observed lineshape is a convolution of the

true lineshape and the instrument function, defined as

QO

/._ Su’gloo-) ¥(w’) where ¢w-w') is the true lineshape

and %(w’) is the instrument function.

A number of schemes have been devised to deconvolute

observed absorption profiles to obtain true lineshapes.

A classic iterative method first convolutes the observed

data with an assumed instrument function, and then uses the

difference between the original shape and the deconvolution

to obtain a first approximation to a deconvolution.’ Here

we use a method which uses the ratio instead of the difference

as a correction, giving the procedure better mathematical

properties as described in Reference 8. The deconvolution

program is listed in Appendix D. It was originally designed

to address the analogous problem of deconvoluting out the

effect of velocity selector "shutter function" on molecular

2 ~iq



beam scattering results, although Reference 8 cites work in

which the ratio method has been applied to incompletely

resolved spectra.

Our instrument function, the optical parametric

oscillator lineshape, is found by making absorption scans

using only a few torr of HF, so that on the scale of the

laser linewidth the absorption line is infinitely narrow.

One set of eight measurements on around 5 torr of HF was

used to obtain the laser line information used to deconvolute

the data. The lineshape, shown in Figure 4a, was obtained

after averaging the traces and then averaging around the

line center to produce a symmetric shape. This last was

done because the deconvolution program only took symmetric

instrument functions, and seemed to fail for asymmetric

lineshapes. Besides, there was no evidence that the OPO

lineshape was not on the average symmetric.

This laser lineshape was used to deconvolute a number

of sample Lorentzians. An example of the two initial line

profiles and the resulting deconvoluted lineshape is given

in Figure 5. These samples are used to construct a plot of

the amount by which the linewidth is reduced as a function

of the initial linewidth, which appears in Figure 6. Its

form can be understood by considering that while an infinitely

narrow line is broadened by the full amount, an infinitely

broad line would not be instrumentally broadened at all.

This procedure of deconvoluting computer generated

28



Figure 4: Averaged optical parametric

oscillator lineshapes, from absorption

scans of low pressure HF lines. An

average of eight measurements on around

5 torr of HF is shown in (a), while (Db),

taken a year later but having almost the

same width, is an average of 13 traces

of about 8 torr of HF.
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Figure 5: Initial (a) and deconvoluted (b)

lineshapes, and parametric oscillator

instrument function (c¢). The Lorentzian

initially had a halfwidth of 1.44 cmt and

went to 1.28 ont after deconvolution.

The instrument function is the same as that

in Figure 4a, but averaged into larger boxes.

Note that even choosing the initial line to

be slightly off center introduces asymmetry

into the deconvoluted lineshape.

Figure 6: Deconvolution correction plot.
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Lorentzian functions was used rather than individual

deconvolution of each experimental profile for two reasons.

First, deconvolution is time-consuming, and more importantly,

the procedure, or at least the method used here, seems to

magnify any irregularity or asymmetry in the initial lineshape.

Since the amount to be subtracted is small and random

fluctuations in linewidth and lineshape are large, it was

felt that no more sophisticated procedure was justified.

One could also least squares fit to each lineshape, using

a simple Lorentzian or a Lorentzian convoluted with an assumed

instrument fanction,” but again it was felt that the accuracy

of the data did not warrant such care.

A year after the first laser lineshape study was done a

second set of measurements were made on around 8 torr of HF,

the result of which appears in Figure 4b. The laser linewidth

here is less than 10 per cent smaller than the earlier line.

Figure 7 shows the individual lines before averaging and

symmetrizing gave the resulting OPO profile. This figure

brings us to the other effect of fluctuating laser linewidth

and position, that of generating random errors in absorption

and so linewidth during scanning.

This effect should be more noticeable for narrower lines,

since the steeper slopes give a larger change in absorption

for a given frequency, reaching a maximum for these essentially

delta-function low density absorption lines. For the lines in

Figure 7, the root-mean-square deviation around the average

2A



Figure 7: Individual low pressure absorption

traces before averaging into the instrument

function of Figure 4b, shown in the two traces

at bottom right. The line under each trace

in the leftmost column denotes the position of

the baseline for that row.
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width of 0.33 cm” 1 is 0.13 ont, In general we find that

variations of several tenths of a wavenumber in widths in

scans of the same absorption line are common. Since averaged

lineshapes never include more than ten experimental traces,

and sometimes in early work as few as three or four, we can

expect this random error to remain to the extent of 0.1 to

0.2 ant,

We can also see another source of systematic error, in

that the width of the averaged OPO line, 0.4 em, is larger

than the average of the individual widths. This sort of

broadening due to errors in superimposing lines during

averaging will also occur to roughly the same extent for the

experimental lineshapes. Thus it is proper that it be

included in the instrument function and be deconvoluted out.

There is another problem which contributes to random

noise in the lineshape scans, whose cause is unknown and

which has gone unsolved. It is that the ratio of the integrated

energy of single pulses seen by the cell and reference detectors

fluctuates randomly from pulse to pulse. This can be shown

clearly by a modification of the data acquisition program

described in Appendix D which plots a point on the ARDS

graphics display terminal whose x and y coordinates are the

integrated outputs of the two detectors. A perfect detection

system would produce a straight line plot passing through zero,

indicating a constant ratio between the two detectors, while

a scattered plot indicates random variations in the ratio.

Y 7



Figure 8: (a) Two Ge:Au detectors receiving

scattered infrared give the x and y

coordinates of the points. Cell

detector has 200fL termination, reference

has 100fZ,and both have 10x amplification.

(b) Upper scatter plot is infrared

straight on to a Ge:Au detector versus

red light scattered onto a PIN photodiode.

Lower plot cf two PIN diodes looking at

red OPO light. In both photographs the

x and y scales are 8 volts maximum.
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Figure 9: (a) Two separate PIN photodiodes

looking at scattered green Nd:YAG

laser light.

(b) Two separate PIN photodiodes

looking at scattered red OPO light.

The OPO was at 370°C and the scales

were 8 volts maximum.

Figure 10: Infrared pulse from reference InSb

detector put into both integrators-

so absence of scatter is not

surprising.

10







Figure 11: (a) Upper plot is infrared scattered

onto a Ge:Au detector (100Q. terminator,

10x amplification) versus red light

scattered onto a PIN photodiode (100%,

10x). Lower plot is infrared directed

onto a Ge:Au detector (connected directly

to integrator) using a mirror, versus red

light scattered onto a PIN diode (200a,10%).

(b) Infrared pulses from two InSb

detectors. Spots focused through

collimating lens (and for cell detector,

through a 2 inch focal length lens at

about 2.5 inches from detector). Cell

detector has 200fL termination, reference

100£k., and both have 10x amplification.

Plots are 8 volts full scale
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Examples of this sort of this sort of random variation are

shown in Figure 8.

That the fault seems not to be with the integrator or

any of the electronics after the detectors can be seen in

Figure 9 in which the outputs of two separate PIN photo-

diodes looking at scattered green laser or red OPO light

pulses give a linear plot. But infrared pulses plotted as

a function of the corresponding red pulses show both a

random scatter and often a systematic dropping off of

infrared amplitude for large pulses, as shown in Figure 8b.

And it is not a property of the infrared pulse alone,

as shown by Figure 10 of the same infrared detector pulse

put into both integrator channels.

It was thought that the problem might be caused by the

laser pulse falling off the surface of one detector more than

the other, depending on the intensity and direction of the

OPO beam. Therefore much of the experimental data and

Figure 8a were taken by scattering the infrared from a

white card onto liquid nitrogen cooled Ge:Au detectors (chosen

since they were more responsive). However, Figure lla compares

scattered and direct methods of detection and shows little

difference. So most data was taken by the simpler method of

focusing a partially collimated OPO beam directly onto the face

of room temperature InSb detectors. One example of the scatter

plot resulting from this is given in Figure 1llb. But with

all methods of detection the amount of scatter seems to be

45



somehow dependent on the exact physical adjustment of the

detectors or some other unknown parameter, so that at times

the pulse to pulse fluctuations in ratio can be small, as in

Figure 12.

Although this problem contributes to the short term

fluctuations, noise on the scale of one data point (0.03 em” ty

the frequency fluctuations mentioned above, on the scale of

0.1 to 0.2 cmt are a considerably larger problem. (But when

attempts were made to use the internal etalon to select out

one OPO cavity mode, this intensity measurement problem was

aggravated by the lower power and larger fluctuations of the

OPO output. Indeed with the etalons available to us, in

the 3.5 micron wavelength region where the OPO operation is

poor anyway, it was impossible to tell when we were on an

absorption line and when we were not.)

Before we can obtain Lorentzian linewidths from

experimental data we must know the tuning rate of the OPO

in cm L/min, and the baseline, or ratio of reference to cell

intensity when the cell is evacuated. An estimate of both

quantities can be obtained from absorption traces like the

one in Figure 13, of about 6 torr of HF. The upper trace is

the region from P(2) to P(3) and the lower from P(3) to P(4).

Measuring the distance between lines P(3) and P(4) on the

chart paper and converting by the recorder speed we find that

the lines are separated by 42.25 minutes of scanning time.

Then taking the line svacingt? as 45.47 ont we get a tuning

16



Figure 12: A particularly felicitous

scatter plot due to infrared pulses

from two InSb detectors. The cell

detector had 200. termination, the

reference detector had 100£L, and

both had 10x amplification. Full

scale on this plot is 9 volts, and

the minimum voltage read was 0.4 volts.
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Figure 13: An absorption scan of about 6 torr

of HF only, useful in choosing baselines

for high pressure absorption traces and in

calculating the frequency scan rate from

the distances between lines. Upper trace

is the region between P(2) and P(3), and the

lower trace is the region between P(3) and P (4).
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rate of 1.07 cm © /min. (Reference 11 gives line frequency

distances up to 0.2 cmt different than those of Reference 10

even though both measure to 0.01 cant.) Another scan taken

just before the one shown in Figure 13 gave 1.08 cm L/min,

while one taken the day before gave 1.07 cm” 1 /min, which was

used to process the data which we will discuss below.

The P(2)-P(3) distance in Figure 13 gives 1.05 em l/min,

the trace immediately before it gave 1.06 em L/min, while the

trace from the day before gave 1.03 cmt, One can also use

frequency differences obtained from pressure broadened lines.

Although pressure shifts are large at high densities, they are

all very close to the same size. 1%s13,19,24 So for example

the distance between the first P(4) line in Figure 14 and the

P(3) line on the same tape, both broadened by 130.5 atm of

argon, gives a factor of 1.07 cm” L/min.

The two or three per cent fluctuations in tuning rate

in different measurements are common and another source of

error. However, the differences in tuning rate as a function

of frequency are consistently observed. Tuning rates at the

longest wavelength, 3.5 microns, are as large as 1.20 em” L/min,

obtained using the HCl line spacings of Reference 14. This

trend can be understood if we assume there is a direct

relationship between temperature and scanning time, and note

that in Figure 37 in Appendix A that the slope of the wavelength

versus temperature graph increases with higher temperature.

The small-scale noise in the baseline portion of Figure 13
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is due to the intensity detection problem discussed above.

We see this especially near P(4) , toward the end of the

OPO mirror tuning range and where the OPO output is more

erratic. The larger dips, though, are associated with a

large drop in intensity of both cell and reference signals.

These are presumably due to absorption by atmospheric water

vapor and a slight difference in path lengths to cell and

reference detectors. However, attempts to assign water

vapor lines using literature spectra’ were unsuccessful.

The average value of the reference to cell ratio for

a small regimbetween the P(3) and P(4) lines in Figure 13

is 1.07. In the trace immediately preceding it, however,

it was 1.11 for the same region. These sorts of fluctuations

are also commonly observed, so for most of the data baselines

were actually chosen by the best fit to a Lorentzian. For

the P(4) line measured just before the vacuum trace in Figure

13, the best fit baseline was indeed 1.07.

Figure 13 also shows that this baseline ratio is not

constant, although its variation is slow enough over the

range of interest to be approximated by a line. This slope

is also chosen by the best fit to a Lorentzian. Of course,

the double-beam experimental setup was designed to eliminate

both short and long term variations in ratio when all other

conditions remain unchanged. It is possible, but not proven,

that this slow variation has the same origin as the pulse

to pulse fluctuations.
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As an example of the treatment of experimental data,

and of the sort of experimental errors encountered, we present

the treatment of data taken on the same day as the low

pressure scan of Figure 13. We consider the measurements

of the HF P(4) line broadened by 130.5 atmospheres of argon,

recorded on tapes 450 through 453 and on the end of tape 443.

These five traces are shown in Figure 14.

To average them, the original traces on chart paper are

superimposed, and the amount of each scan to be discarded so

that all scans will line up is measured off the chart, then

converted into the number of data points. With the present

choice of pulse rate (30 Hz) and number of pulses which are

averaged to give one data point (48), there are 33 data points

output per minute. Then the tapes are added by computer,

(using programs in Appendix D), and the initial and final values

of the ratio in the wings are sampled, to get an estimate of

the initial baseline and its slope. The averaged initial ratio

was 1.15, although individual values at the same point were

1.18,1.12,1.14,1.17, and 1.16. The baseline found to best fit

a Lorentzian was 1.07 and its slope was a positive .00023

ratio per data point.

The fits are made visually, by generating Lorentzian

lineshapes and superimposing them on the experimental traces.

Sometimes several iterations of the process of choosing

baselines and slopes and generating Lorentzians are needed to

obtain a good fit. The final averaged line plotted on an

z



Figure 14: Five individual absorption

traces of HF P(4) broadened by 130.5

atmospheres of argon. Their average

is shown in Figure 16.
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X-y recorder and the Lorentzian fit are shown in Figure 16

in Section I D. The halfwidths of the five individual lines

were 2.68,2.78,2.88,2.72 and 2.92 cm}, giving an average

halfwidth of 2.78 cmt with a root-mean-square deviation of

0.1 em 1. The width of the averaged line before deconvolution

was 2.82 em 1, so here 0.04 emt was added by averaging.

To fit a Lorentzian to the experimental trace using the

program in Appendix D, we must calculate the scaling factor

SC in em lper X-y recorder point. In this case this is given

by SC= 3/6.4 data points/ x point times 1/33 minutes per data

point times 1.07 em 1/min, or .0152 emt /x point. These

factors can be used to estimate values for the width and

center point of the experimental curve. Then these parameters

and the peak height and initial value and slope of the baseline

are varied to obtain the best visual fit. When several lines

are used in the Lorentzian fit, the relative intensities are

taken from the peak absorption values for HF in Reference 16,

or from the line strengths for HCl of Reference 17. The ratios

of the low density widths of neighboring lines to that of the

line being fit are used to pick linewidths for the fit. But

the effect of these neighboring lines on the linewidth is

usually small, except for the case of the HCl isotopic doublet.
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D. HF Low Density Linewidth Results

In this section we present the measurements of widths

of HF vibration-rotation lines broadened by argon. We will

also fit the lower density data to obtain a linewidth linear

in density which may be compared with previous measurements

of the pressure broadening coefficient done at low pressures.

Discussion of possible second order density dependence will

be left to Section II E.

The HF lines studied were P(2), P(3), and P(4), measured

at room temperature and over an argon pressure range of 10

to 140 atmospheres. The linewidths were obtained by fitting

a Lorentzian (or at the very highest densities a sum of

Lorentzians) to the experimental trace, as detailed in the

previous section. From Figures 15 and 16 we can see that the

lineshape is indeed a Lorentzian function out to many

halfwidths from line center, to within the accuracy of the

experimental trace. In Figure 16 we also see that HF lines

overlap very little even at the highest densities. This makes

them easier to fit than HCl, discussed in the next section,

whose lines overlap even at low densities.

Figures 17 through 19 are plots of the half width at half

maximum after deconvolution as a function of the density of

the perturbing argon. The deconvolution procedure has been

described in Section I C. It assumes a laser full width of

less than 0.5 ant, so that the corrections are srowdd. Zon

or less. The densities are expressed in amagats, units of the

/



Figure 15: Sample trace of HF P(2) broadened

by 51.5 atmospheres of argon. The experimental

trace is the average of five data tapes. The

Lorentzian fit has a halfwidth of 1.45 ont,

Figure 16: Sample trace of HF P(4) broadened

by 130.5 atmospheres of argon. The experimental

trace is the average of five data tapes. The

Lorentzian fit is composed of a central peak

with a halfwidth of 2.75 cm©and two

neighboring lines (off each side of the figure)

with appropriately scaled widths.
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of a perfect gas at 0° C, and are obtained assuming a

second virial coefficient of -16 oI Jule for argon at

298° x. 18 (Throughout most of the density range studied

here, the effects of the nonideality of the gas and

conversion to standard temperature partially cancel.

For low densities only the substantial temperature factor

remains. In Section I E we will see that one must be

careful on this account when comparing literature values.)

Also plotted in Figures 17 through 19 are the linear

extrapolations of the low density measurements of Wiggins

and coworkers, 1° and the least squares line fit through

the experimental points and constrained to pass through

Zero. (Of course, as the density goes to zero, there

remains a contribution to the linewidth due to Doppler

broadening. However is this spectral region the Doppler

width is less than 0.01 emt and can be neglected.)

Table 1 gives linear pressure broadening coefficients

determined by fitting the experimental points up to 100

amagats. (Somewhat lower densities can also be used for

upper limits without changing the values obtained.) Also

listed is the standard deviation in the slope calculated

from the least squares fit. This is not necessarily a

good measure of the error, since the average deviation per

point for the fit is considerably smaller than the

experimental error estimate, discussed in Section I C.

Also listed are the values of Wiggins and coworkers’? and

“|



Table 1 : Linear Pressure Broadening Coefficients for HF

Line

P (2)

P(3)

P(4)

This Nork

.029 +.001 om 1/am

.023 +.001

.020 +.001

Reference 19

036 +.001 cm T/am

031 +.001

.024,+.001

[)



Figure 17: Plot of half width at half

maximum of the P(2) line of HF as a

function of the perturbing argon density.

In this and the following two figures,

the squares are experimental points, the

solid line is the least squares fit through

them constrained to pass through the origin,

and the dashed line is the linear

extrapolation of the low density results

of Reference 19.

Figure 18: Plot of linewidth of HF P (3)

versus argon density.

Figure 19: Plot of linewidth of HF P (4)

versus argon density.

53



[ Half Width

"at Half

. -1

Maximum, Cm

}

\ N

l

mf

) J

 QO
 oO
3
 mn
~

2

~

 x

A

| = 0
—-

7

/%

Argon Density, Amagats
7

20

Ar yy

40 0 20

1
 BB -

100

1 1

120

 4d



4 9

em

t
Half Width

at Half

: -]

Maximum, cm

yd

Co
—

7
o
S
3
on
 |

[ry

Po

Ne.

—

{  so UJ

 ~~

yd
yd

m4

Sold

Ot EE 5

20 10

4 1 1

S0 Q0

Argon Density, Amagats

1 i I 1

100 120

$

iP

14C



— Half Width

at Half

. -1

Maximum, cm

3
J 0

A &gt;

 AN

’  UU

L 0

——

hi

 &gt;Sy  aEr

20

)
J

40)

 —_

60 Qn

Argon Density, Amagats

100 120 140

QO
M
a
o
-~

[ry

 ZW
.



their error estimate. We note that the linewidths reported

by Wiggins and coworkers are significantly larger than ours.

This will be discussed further in Section I E, where we will

find that the HCl linewidths measured by Rank and Wiggins and

coworkers are systematically larger than those obtained in

later work on the same system. 2226

The decrease of linewidth with increasing J is commonly

Observed, and can be explained by simple models. For instance,

one can argue that rotational energy levels are spaced farther

apart at high J so that inelastic collisions become less

probable.20727 Or, in another way of thinking, fast rotation

tends to average out angle dependent forces which give rise

to reorientation contributions to line broadening. 2S

In Table 2 we present some theoretical calculations of

the broadening by argon of the three HF lines studied here.

The recent calculation by Jarecki and Herman? uses a form

of the theory of Baranger, in which isotropic effects

represented by a phase shift are included to all orders in

the interaction potential, and inelastic contributions are

calculated to second order. Bachet’! uses standard Anderson

theory, to calculate pure rotational linewidths.

We also include results of several different experiments,

the pure rotation widths measured by Bachet, 21 the R branch

values of Oksengorn, 22 and the first overtone measurements

of Atwood and vu.?3 These values should all be somewhat

different, but they are at least interesting for comparison.

-
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Table 2 : Comparison with Theory and Related Experiments on HF Linewidths

In the first column we repeat the results of the present work. We

identify the succeeding columns by the number of the reference, as discussed

in the text. All values are in cm 1 /amagat. The values from Reference 22

are actually for the lines R(1l) through R(3), and those of Reference 21 marked

Pure Rot. are for the pure rotational lines J 192, 2-3, and 3-24. See

Table 1 for comparison with experiments on the same lines.

N

YY)

This Theory

Line Work Ref. 20 Ref. 21

P(2) .029

P(3) .023

P (4) .020 .015

.0339

.0269.019

. 0236

Ref. 22 Ref. 21

R-Branch Pure Rot.

N51 .037

043 .025

(+? 7 .0L5

Ref. 23

063,
n

3 38



Reference 20 contains a discussion of the vibrational

dependence of linewidths. The general trend is that pure

rotation lines are somewhat narrower than fundamental

vibration-rotation lines, while first overtone lines are

broader. It also discusses differences in width for

corresponding lines in the P and R branches, concluding

that these are due to the differing effects of inelastic

collisions. Again, in the HF-argon system these effects

are relatively small.
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E. HCl Low Density Linewidth Results

This section contains the same discussion for HCl lines

broadened by argon as the preceding one did for HF. For HCL

the lines studied were R(1l) through R(6) at room temperature

broadened by up to 100 atmospheres of argon. Figures 20

through 22 show some sample experimental traces. Figure 20

shows that even at low densities the two lines due to the

35 and 37 isotopes of chlorine are broadened into each other,

while Figures 21 and 22 show that at high densities the gaps

between rotational lines begin to fill in. Figure 22 also

includes a trace of just a few torr of HCI.

The plots of linewidth versus density appear in Figures

23 through 28, and the linewidths obtained by a linear least

squares fit to all the experimental points are presented in

Table 3. Again, the errors quoted are the standard deviations

from the least squares fit, and our estimates of experimental

error are larger. Also as before the least squares fits were

made giving equal weight to each experimental point, since

as for the HF data, fits weighted by the quality of the

lineshape gave identical results.

In the case of HCl there are three low density measurements

of the same lines, one by Rank and Wiggins and coworkers’

and two more recent sets of data by workers in France.&gt;&gt; 26

The agreement between our data and the last two references

strengthens their assumption that (at least for the higher

rotational lines) the linewidth values measured by Rank and

~



Figure 20: Sample trace of the HCI R(4)

isotopic doublet broadened by 29.5 atm

of argon. The experimental trace is an

average of three data tapes. The

Lorentzian fit is composed of six lines,

the central isotopic doublet with 0.9 cm”

halfwidths and two neighboring doublets

with appropriately scaled widths.
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Figure 21: Sample trace of two sets of

HCl lines, R(3) and R(4), broadened by

102 atmospheres of argon so that the

isotopic splitting entirely disappears.

This trace is the average of 7 experimental

scans, and like the rest of the earliest

HCl data was produced by measuring points

off each chart recorder trace, averaging

them, and replotting.
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Figure 22: Sample trace of HCl R(4) through

R(1l) broadened by 91 atmospheres of argon,

showing that the gaps between the lines are

filling in considerably at high pressures.

Also shown is a trace of just a few torr of

HCl, using the same baseline used for the

high pressure scan.
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Table 3 : Linear Pressure Broadening Coefficients for HCI

Line This Work

R(1) .042 +.001

R(2) .034.+.001

R(3) .032 +.001

R(4) .028 +.001

R(5) .021.+.001

R(6) .016 +.001

Ref. 24

cm 1 /am 042,

044

n"9

028

024,

ra"N

Ref. 25

.0387

.0336

.0315

.0274

.0226

018

Ref. 26

, 0421

,035

.0306

.0268

.0236
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Figure 23: Plot of the half width at half

maximum of the HCl R(1l) line as a function of

perturbing argon density. In this and the

following 5 figures, the squares are experimental

points, and the solid line is a least squares

fit through them constrained to pass through the

origin. The long dashed line is the linear

extrapolation of the low density results of

Reference 24, the medium dashed line the same for

Reference 25, and the short dashed line for

Reference 26. (Because some of the linear linewidth

values are very close to each other, not all lines

may be plotted on any one graph. Consult Table 3

For the values omitted.)

Figure 24: Plot of the linewidth of HCl R(2)

versus argon density
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Figure 25: Plot of the linewidth of HC1l R(3)

versus argon density.

Figure 26: Plot of the linewidth of HCl R(4)

versus argon density.

Figure 27: Plot of the linewidth of HC1l R(5)

versus argon density.

Figure 28: Plot of the linewidth of HCl R(6)

versus argon density.
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Wiggins are too high, and lends weight to the argument in

Section I D that the HF linewidths measured by Wiggins are

also too large. This conclusion is further supported by

considering that our tunable laser spectrometer, with its

finite linewidth and necessity for averaging by super-

imposing several traces, possesses systematic errors which

only tend to produce observed linewidths which are too

large. Yet for HF our line broadening coefficients before

any deconvolution are still smaller than those of Wiggins.

(We anticipate the discussion of Section II E on second order

density effects to note that if it is indeed the practice

of the French workers to measure linewidths at pressures of

5 to 10 atmospheres in order to reduce their instrumental

error, then my estimates would say that they might actually

be making a systematic error in causing their linewidths to

be a few per cent too small.)

However, looking over Table 3 we conclude that the

agreement between the sets of data is not too bad. Indeed,

it is better than either of the French groups claims, for

the following reason. Levy and coworkers? report their

results in mk/bar. (A millikayser, abbreviated mk, is 0.001

cm 1.) The bar is a unit of pressure equal to .9861 atm.

Then since argon at 1 atmosphere is essentially a perfect

gas, we need only convert to standard temperature by the

rather substantial factor of 298°K/273.15°K. In Reference

26 Houdeau and coworkers also made this conversion of the

results of Reference 25, but further in their comparison

QA



with Rank and Wiggins and coworkers 24 they assumed that

units of en /standara atmosphere meant em™1/atm. Yet

Rank clearly states that his standard atmosphere is pressure

at 0c, and for HF Wiggins simply quotes cm” 1 /amagat. So

Reference 26 is in error in converting and making the values

of Rank look even larger, while Reference 25 is wrong in not

converting their measurements in mk/bar before comparing

with Rank.

In Table 4 we again give comparisons with theory and

with pure rotation measurements. The calculation of Tipping

and Herman uses the formal expression of Baranger for the

linewidth, expanded to second order in the interaction

potential. Although this is the same order as Anderson

theory, this procedure results in some modifications.

Houdeau?® uses standard Anderson theory with the potential

used by Tipping and Herman. Boulet, Isnard and Levy 30 use

a modification of Anderson theory ™ and a potential due to

Buckingham, which they compare with the potential of Tipping

and Herman.

The calculation of Marcus and Fita&gt;2 uses semiclassical

S-matrix theory, while that of Neilsen and Gordon&gt;3 uses

a classical path method for translation but solves the

coupled equations for the quantum mechanical scattering matrix

for rotational states. Gordon offers a wide variety of

potentials, and here we choose the one compared by Marcus.

Both calculations give no difference between corresponding

Q 7



Table 4 : Comparison with Theory and Related Experiments on HCl Linewidths

In the first column we repeat the results of the present work. We identify

the succeeding columns by the number of the reference, as discussed in the text.

All values are in cnt /amagat. The values from References 32 and 34 are

theoretical and experimental results for the pure rotation transition J 4 5

and the results of Reference 33 are also best compared with pure rotation experiments.

0

0

This

Line Work Ref. 33 Ref. 32

R(1) .042 .0438

R(2) 034, .035

R(3) .032 .0285

R(4) .028 .023

R(5) 021; .019

R(6) .016

“3

Ref. 29 Ref. 26 Ref. 30 Ref. 34

048, .0388 .038

046 .0351 .033

037 ,033 032

.022

015,

.031 027, (32°)

0293 022,
.0187.011_

5

Ref. 35

.0406

,. 0337

.0237

.0217

» 3216



R and P branch lines, and are best compared with pure

rotation measurements. Also the results of both calculations

are expressed in terms of cross sections. In comparison,

conversion from linewidths to cross sections requires some

care, since it is essentially an arbitrary definition. Here

we will define the cross section &amp; in cm? py31

AV, 2 No Vi te

where N is the Avogadro number, V is the molar volume, Vi,

is the thermal average relative velocity, and AY, is the

linewidth in cmt /am. (For HC1 at 298°K this means multiplying

the linewidth in cm” 1 /am by 1.22 gives the cross section in A?)

By checking their conversion of the data of Rank, Gordon seems

to use this factor, while Marcus uses a larger factor (which

might be due to his again assuming that the values of Rank

are expressed in cm 1/atm instead of cml /amagat).

In addition Table 4 presents two measurements of pure

rotation lines, 34735 which are in general expected to be

smaller than the corresponding vibration-rotation linewidths.

Reference 29 has a discussion of the vibrational dependence

of linewidths. Also Gordon? quotes some unpublished pure

rotational widths due to Scott and Sanderson of Ohio State.

After the studies of HCl and HF, some preliminary

measurements were maded on DF broadened by argon. DF is a

molecule which has been little studied, but which has lately

become quite interesting. 3° All that can be said presently

is that the lines are quite narrow, at least as narrow as the

RO



corresponding HF lines. This means that although they have

roughly the same rotational spacing as HCl (and are in the

same spectral region) they do not have the serious problem

of overlapping rotational lines at high densities.
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THEORY, AND DISCUSSION OF EXPERIMENTS

A. Summary of Formal Theory

In this section we will present a reprise of the formal

theory of Albers and Oppenheim’3? for the density expansion

of the lineshape, in order to reach our own forms of the

TT

triple collision contributions. We will also include a

short discussion of the physical origin of the logarithmic

divergence and density dependence, although in three dimensions

this occurs in third order in the density and we shall be

most interested in second order density corrections.

Additional discussion of the theory in its classical

mechanical form is contained in References 40 through 44.

Since we will begin our density expansion with the

correlation function expression for the absorption coefficient,

we should give some explanation of that form. While it can

be derived from perturbation theory, 32 r4°&gt;~47 there are some

assumptions which have their best justification in linear

response theory, 48 and we shall use that here.

To begin, we consider a total Hamiltonian Hp (t)=H+H, (t),

where H describes the motion and interaction of an N particle

system including an absorbing particle, and H(t), the

coupling to the outside world, will eventually be E(t)D 7

wherepis the dipole moment and E(t) the electric field of

the light. So for foreign gas broadening we want the

nonequilibrium average of a single dipole moment P , which in

quantum mechanics is Pw) = Z Pa &lt;M IP Int &gt; Instead of

31



time dependent energy states,\nA7, we use the equation

(1) 0 Yor\r&gt; = Hy (4) Ina

with)» -o0y being Wn? to introduce

OW7 =\v47 . Then

time development operators,

(2) Pw) = Tv (Peg OTN Vy)
- - 3) =

where Peo=2 CR/ Tee PY = gr /7 and Tr denotes

a sum over diagonal matrix elements. In order that O(-o)=)

(if E(t) is like EB, coswt) we will have to write H(t) as

 -—

wn ee” EW) ‘P to show that the disturbance was
«20,

adiabatically turned on at t = - © .

By trace invariance to order of operations, Equation (2)

becomes

(3) Pe =T¢ (pe)P)

with o)given by

(4) pn) = OW pegOTN,

whose equation of motion is

(5) p(¥) = ~¥ THY, pn]

Now we make the linear response assumption, by saying the

solution of Equation (5) is pl¥)= Peg + p(X) If we

substitute and keep only linear terms, we find

a Oo

(6) 4,0)= “Vp TH 0 T= V TW,G,og
or rewriting,

 Xx - 3 r\/ 5

(7) iW (HF bo p(T) = Vie LNG), Peal @ ia

Integrating,
J ro _M-1)/ 1 Cx —

(8) poy = Von [dx PEN, pg 1M,

or with H. (t) = E(t).

qQ2



EY Too SM@-TV - SM (x - i”

(9) p00) =f Tax ¢ * Lapeqd en TTI 2 (my

In equilibrium, P(x) = o W/n 3 «HX, so that

= x a =&gt;

(10) pr) = "V6 / TA TL (A-2) pe 1 B47)

Now we can write

~~ IN A ea -

(11) PA-&lt;p&gt;=/¥pp(P-3)- £0

where the tensor

&amp; —- -/ - —

(12) 5%,, 0) = nT (BEILS, peg 1)

is the response function. The brackets 47 denote a trace over

Pea,’ and here &lt;p&gt; , the equilibrium value of » , 1s zero.

Now we assume that

13) EG) = Wwe F&lt;= wn v
(13) Rr "De, Fo COST €

so that Equation (11) becomes

ar — Y i»

14) BCH = hwo ay Sox 2
(10) BD = ro,ReLpSop=e ar §
or withs=t-4,

= = Oca 20S ~€5 a [uw - 2 Sox

(15) p&amp;) he Re [ Spee Foe = Re Xn Roe
or writing the susceptibility XK as R/ SX,

m—— -b —

(16) Pr) = XG):BEoswy=R%w)-Eonwk

For one dipole the power absorbed, du/dt, is Son Tay

So since AR 7ax = WE on wr , (taking the e¢ limit here),

(17) Aw =n, (- OX (LW) os Lr SL ES r ON (W) Soy £0)

where the 1/3 comes from averaging over polarizations to take

Ee SB. to xg&amp; . Now we average over one period to get the

power absorbed per unit time,

(18) Vy SEL (03) ie J oa dx = Va, “1, eg wx! (WwW)

— \ t ad 2 2 -

= ‘yy BE Jo, en L eX er VUTe (Fen Ly, Ped dar

Then A(w), the power absorbed per unit distance, is simply

4 7
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Equation (18) divided by the speed of light c¢ and Fo /17¢. Now,

writing the trace as a sum of diagonal matrix elements, and

i” Mr . 2
using p&amp;) = ¢ % P PALS 3

 /D Te, Ae
(19) Als) =e Te Vm Jeo eatTame He MANY &lt;p, Peqlien

Now we use the definition of the ¢ function, and

- - = )

QOL, Ped 7 = np pear&lt;n)pqPin=EF(ygPEE TIN, Jz

We have in A(w)

- - -(AEm _

(20) Wen 3 180d (comcapa) FF (1-€ F000) 60 Re 2. 2 fomcnmh + G- 367)
XN

Reversing,

NW = nD - -\

(21) Al) = foe QO E A Ime, Re fv Re Co Wx, ope 6)

Following Albers, we introduce the tetradic operator L by

_4 X 2 .

ev Puy = &amp; Wik Pu ¥ WY / We can now perform the time

integration, and , if we define

co ~eX x {x -\
(22) vA x eo 2 OW = (e x0, +L)

then

Md

(23) Alo) = Y%  (1- gM) Wn Re &lt;p Gyo. Y
«rO, V2 Py

The brackets &lt;7 denote an equilibrium average which in classical

mechanics is an integration over all coordinates and momenta

of N-1 structureless particles and on absorber, weighted by the

classical distribution function. In quantum mechanics, they

become a trace (Tr) over all states weighted by the correspond-

ing quantum mechanical density matrix, ey=exp(-N)/ TY(exp lpn),

where the Hamiltonian H describes the translational motion of

all N particles, the internal motion of the absorber, particle 1,

and pair interactions between all N particles,

N N

(24) A = No*NyeOOAY=ZH()»WorWO)&gt;ZY
R&lt;y

J £



giving corresponding L,(1), L. (1) and Ti 4 operators. We

can divide the trace into Tr, over the translational states

of particle 1, TR, over the internal states of 1, and Tryo_1

over the translational states of N-1 structureless perturbers,

so that

- (3%

(25) Al) = Wn O-¢f “) Ne Re TR, Yi IY NA Q py Po
A

Now we want to expand in two particle operators, by

isolating the effect of a binary collision in an operator

Tis defined by

(26) Gy = Go — GoM Ge oy” To = - Go (Gy Go) PP

where Go= (¢ +The Vili) GE Cero rier ven® 15)

This operator is also discussed in Appendix F. By the identity

| \ \
AD = VA - VA B Ar , we have

3 - ee, / /

Also by the identity, (with &amp; being all pairs of molecules)

o /

(28) G = Go L Gly G

and

(29) GQ =Gu-7 GWG = G&amp;G ~
Ww = Sw LpG@ = Gp Zo oT

Using Equation (29) to iterate Equation (28), we obtain the

binary collision expansion (BCE),

(30) G= Gem Z Gow Go ¥ Z Gola GTaGe ¥ ...

As in Albers this expansion may be generalized to include

triple collisions, by defining an operator which takes into

account all processes that three particles can perform other

than the first two binary collision processes,

= _ - 7 |

(BL) TPA=Gs Gy Gd - Taw +L TuGTe

JF



where Gy = Ce ro + Tol»Lo) YL 00 ¥ Lg, ¥ Wy » hiv) )™!

So we will use

= ~ ¥ - 7 an Tale=ZTGoT(
(32) G=Go* 2GoT Ge Fr ST Tp Ge We DOG,

By restoring the time integration and explicitly writing

out the trace as the sum of diagonal matrix elements, it is

easy to obtain3’

(33) Tv, GM)

for the first term, where G, (1) is Certo + SLL WY and PW)

is Tey, Owe

Since collisions not involving particle 1 do not affect

its motion, only terms inf, % Gl Go in which &amp; is 1j

are nonzero. (This can be shown using the invariance of the

trace to representation.) Since the N-1 other particles are

identical, and (N-1)/V =~ N/V = © r the sum over « becomes

(34) p Tina) GN Ty Ge en =P Go YT Ge BOL)

Similarly, from the last two terms, Try_q gives

fF" Go) TypLVTyGoOLD) (WT Vpn) Gro OLD) 3 (VLD)
(33)

- &amp; Go WTvpy Vir (1D) Go (29Z02D

By explicitly writing out the trace over particle 1,

using the diagonality of H (1) and H. in momentum and internal

energy states respectively, and the tranlational invariance of

P to reduce the matrix elements, and then restoring to trace

and operator form, one finds that (again as in Reference 37)

(36) TTR p, GoM BM yp, = Tr, IRI PI RWIZO) ,,

where the internal resolvent R(1l) is (e +3 IV yoy wy) and

2 Q) is in the internal and translational space of particle 1.

0 A



For the second term, TR Tv, Pye Go TY, VT, Go po O&amp;) , We

can weiced? the reduced density matrix as a sum of correlated

and uncorrelated parts,

(37) AMY=2M0zw) * X00)

Examination of matrix elements using momentum conservation

gives the resulting two terms as

(38) TR) Try 1, RO Ty, NT); 2 WIRME OY, + TRTe,0,ROYTr,VT,G02)(OL)

Similarly it can be shown that to second order in the density,

the trace of the last two terms is

TRI LA ROT,VVTyRONTL,RMZW @)F (3)

* oF RAY TrNT RON TGsO03)&amp;(1)50D)

¥ eh RO) Try VEX OL)RW BW @) FC) Dy,

where terms involving the trace over particles 2 and 3 of Ts3

can be shown (in Appendix A of Reference 37) to vanish because

&lt;9)

of the form of T, 4 and the fact that the translational density

matrix vanishes for large momentum.

Now defining

LM =Ty, Yip 7

1) = Ty, VTi, GOR¥QO)

and XY) = Te, VFO FIDE)

the six lowest order terms can be collected and written as

TR Try wo CROYO- (pL Y= 7 LOIRMLW*F+W)RWEQ)

ROY OL =p2 ORM) p20) Vy,

Looking at the density expansion Equation (40) we see

there is an obvious problem. The ab tetradic element of R(1l)=

le +S + hina), Cevrludng Er BN = (6 v8 lumonay

(43)
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behaves like ¢ on resonance. So in the limit of e-0 the

expansion Equation (40) diverges. What we want, (as pointed

out by Zwanzig, Reference 49), is a series in rR(1) TL.

If the operators in the above equation were classical,

or if the full density matrix 5 factored into single particle

distribution functions, we could write a density expansion

for the inverse of Equation (40), multiply the two series

together and solve for the coefficients of the inverse series,

which would involve only R(1)T, and then take the «=O limit

and reinvert. (Later, I will actually do only this.) But

because t, (1) satisfies a different algebra than £1), we

should treat these two independently, as follows.

As is suggested by the first three terms from the binary

collision expansion,

(ROY = pRAVLAIRO) + p% ROY LOYRMW £0) ROY) YY)

n

one can easily show that there is a general term RD (~ pRMHRAY)EM

where n is 0 to oo , resulting from the term in the BCE

©! =~ ~ ~F
o" Twa. QV Ty GeV +0 Go Ty, FEW... 3B

There are also general terms of the form R) ¢-p*¥¥(VHIRWY"F (1),

. mb 1 n -n

and indeed RAD) CaltmrdL) pe 2TQIRQY) (eZ RYT from the

m-n permutations of the term from the binary collision expansion

&gt; A 3 L
pm YEN Tear zmor Be¥ 1M GY “0 (45)... Go ( Ln Le)G@VT, 0

X ooo QVTyparmPOYoooZFUnawm)

and finally a general term R.()) - po LORIN p ¥, (1) One can

also show that all other terms are of higher order in the density

for that particular process, or vanish.

09



Then from the identity T(x)" = a , where x is

RM(p20 ¥ pr¥¥(\)) for the series ending with EQ), and

RM EW for the t, (1) terms, we can see that Waa G Cn

becomes

(RO+p2M+2ON50)-(ROMY+p20M ox, WV)

So if we send &amp; to zero from the positive side and denote

operators in that limit by ( ) 4 we get A

Ale) = § “oc. Q-&amp;PFPIReTrIRCRE@Ire3+E+MY) FM

= (MerD+2LOW)x,(0),Iw,

which is Equation (3.28) of Albers.&gt;’

One can also resum by using the same identity in reverse,

\

(~-x%x) = 2.0)" » and taking only terms in the sum which are

to the same order in density as x. Thus using the identity in

either direction there is an assumption of ordering in terms

of density.

To compare with observed linewidths, we really want to

put all terms in one denominator. We will discuss this in

Section II D.

On resonance, however, there is one more problem, coming

from ¥YQO) = Tr, Vira) 3 0) 7 (2) where Y (3) is

“5 Ta GV pa Gey plus terms involving more T operators,

where the indices involve only particles 1, 2, and 3. It is

most easily drawn and explained in two dimensions.

Specifically, the problem comes from terms like

T156,T136,T15 (in two dimensions) whose matrix elements can,

At



in either quantum mechanical or classical formulations,

eventually be written to include the integral

(42) / AFA; Ty, Ce + WeF, Th Cer SR JT,

so that (in two dimensions) the sum over fourier components

of the G, operators diverges (logarithmically) for small k,

or large distances, or values of the scattering angle S,

which are close to M . Figure 29 is a schematic representation

of this recollision event.

Physically, we have, through an admittedly unlikely set

of initial momenta and impact parameters, the possibility that

after particle 1 collides with 2 it travels a large distance,

before being hit by particle 3 in just such a fashion that it

returns to recollide with 2. But even though as the excursion

of particle 1 between collisions with 2 becomes larger the

probability of the right set of collision parameters to

complete the ring decreases, still if one tries to count up all

such processes, which allow particle 1 to go even as far as

infinity, make a head-on collision, and return, their

contribution increases slightly faster. This gives rise to

a logarithmically infinite contribution, the weakest divergence,

but still a serious problem.

Of course it is obvious that such events would not take

place if the other particles in the system were taken into

account, and introducing a cutoff k of order of an inverse

mean free path would be a good guess. Since the mean free

path depends on the density (approximately as 1/p ), this

{i )



Figure 29: A schematic drawing of a

three body recollision event, showing

the momenta posessed by the particles

at various stages. In two dimensions,

processes of this sort in which particle 1

travels a large distance before encountering

; : . #

particle 3, and in which the angle aS,

is close to f , give rise to the logarithmic

divergence.
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would give a logarithmic density dependence.

In fact, one can take into account the effect of the

other particles by resumming the most likely (most divergent)

terms. tt This replaces Tq3 and the intermediate G, by 0 &amp;

and by a propagator which is damped by a factor ri, so that

the contribution to the triple collision term is

Trg NT),Ce303 034 SlyO* o£™ p £00) Go Ty BOL)

which permits an integration over k which does not diverge

but gives the expected logarithmic density factor.

For the case of the absorption coefficient, when we are

off the resonance frequency, the singularity is damped anyway.

So we might expect&gt;t that terms would become anomalously

large only around 0.1 cm from line center.

This logarithmic term has been heavily discussed.&gt;?7&gt;1

Its existence has been questioned,&gt;? its size has been

estimated,” and the density dependence of transport

coefficients has been studied to find experimental evidence

for it”?! Even the work here on second density effects has

implications for finding logarithmic terms, which appear in

three dimensions in third order in density. In three dimensions

the same sort of trouble arises from certain four body

collisions. &gt;? Although we cannot hope to see these directly,

one might be able to infer something about their size from

the size of the second order density effects discussed in this

woTk

Ne will conclude this sa ra

L-3

ion by giving the explicit

4



tetradic element espressions for the three contributions from

three body collision processes, (dynamical correlations in

second order in the density), T15G,T136, 157 T1565T536, Tyo

and T156,T536,T3-

First we look at Ye3 Ty VET Go Ty Go Vy, 2) 2 Mm), which

becomes (by the rules of tetradic algebra, given in References

37 and 39), .

%3 7 VET GF CRROBE PRY) Ge Cady BRIE)

Py % v 3/3 vB ”3 aa ’/P.0] ol a’‘s’ va’ a?
nial * Typ (OBR RYE 9B PALTRY) Glog Pan 7)

J " tt = py a» QA = &gt; 2 ~ ~

30 08 X Ty (aga, oq = a3 3,39, rq, KN

By translational invariance (see Equation (B.4) of Reference

37) the T operators contain momentum conservation conditions.

. - itt, _ lh 1 -4 ¥ ls —- _ =u au

From the first Tio we have Pq + Py, = Pj + Ps and Py + Py= Py + Py

or j= = P} + (p} - py). And from B] + B= gq + pl and

=n 2 = Bu ob 4 : : 2 _ Rn _ Ay _ 2

Py + P3= 43 + P3s by subtracting we find Py Py 97 9;

It is useful to define k= p;-py » so that when we sum over

two delta functions in DP} and a3 we get

- - ob a gs &amp; = a PRS he =n 5 -

Lo VET, Cappy BRP, af By, SHARE WR) Gi Cag/d) o-RE Vik)
X33 SD pay D&gt; - os -, a » &gt; a &gt;, a/, a Sa

3343, x Tilaf,BoP = PKB, afl Bq REE) Go (afl5,pdPRR ARK)
PF o

Bh Xx To Cadi vd - RX Brak aq 3, ©3 .5,) Pq, Bel

the

From Equation (3.13) of Reference 37, to first order in kK,

we have that

(45) Cro Capi; BF RF+h) =

Ce ro + Yo (Ear But BGR-EGR 3 +i ) YY

is (e+ F(o-,.0) » CR, ¥-}
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39
For T12605T536, 15 we have

L - &gt; a A -» - -~ nh -~ a &gt;, - EY

Vid N Zn (aj PL PPP. 09.9. O% (a.f 4,792) G (aq |g, eq, CyEW xg ))
Py a aa

AP EY X Taf Co qr a Yi Py Co 95-94%) £3) Go a a4 vq 4.1 34+93)

Aa, , , J a I
5 eh wi -- - od Bs - pd 7 ~

XT, (3.97 oa (QaYADV ARE BHP) Poy Pel
which becomes

= » - -h - = a - a - al 3 -\

Yea A Tu (aff Prd 0a,a, Pans apr BR) Ce ¥(0- Ona) &gt; WY Mn)
RR EN

PP 3 a D&gt; a Xa RY &gt;, ° NaC BL y!
FUERTE Xp (RAYON 34057 9)2eR FY erie on he
13,4 X

A * Ta (aq 9.7 © PRL RK ayy orp, ) Pol Ped
. — = - -&gt; - - = —t 2

with 0C= 39-37 | Pa fn=Fp=Fl,[LVN We ly
39

And for T126,T536,T13 we have

WANE ZT (BR e530 8,058505) Gold 8a WHAT)
nA

= &gt; - SD a Dd a NN, - &gt; -&gt; 2,

BTA XT GURL B Ta. 34) Golad dsiiady)
% 93959 ~~
4B XTi Ca 4 ApPa505aR’? BRR DB Bo!

. . ~ - — o&gt; -2 — -h -)

which with Af 94 = X. so that 3,= qr and QF 4.7K becomes

Ve NF 2 Ty Capp, oHFLad qed BRE, 0K) (ewd®KEpa)
-- a bh ® =

(49) MRRD,  * alan, ar Roe pan Basra) (alo cpa ri Reds, 1

LEC oe ~~ = = a 2 a Baa A rs

Try (a8,8.4 0 A PRA NYP BY Py Pel Pos

In Section II C, the results of Equations (44) and (45)

will be obtained again from expressions in Reference 38, and

will serve as a basis for the estimation of three body

recollision corrections to the linewidth. With the approximations

made there, the contibutions of Equations (47) and (49) can

then be estimated by analogy, without additional detailed

calculations.
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B. The Low Density Limit

The Lorentzian function,

(50) oc)
wD

((L -Wy)* + 7%)

is often used to represent lineshapes at low densities. The
o

L va

linewidth ¥y is a number often written as © ne in frequency

ro

units, wherepis the density, ¥Van average velocity, and &amp;

a pressure broadening cross section. &gt;t

In this section, we want to detail the approximations

necessary to obtain the simple Lorentzian from the form for

the absorption coefficient derived in Section A or taken from

Reference 37, Equation (3.28), to lowest order in the density,

so considering only binary collisions

This is

(51) Tr Cp, Cer So aimeQO)#p2ON Mp, AW)

Writing out in matrix and tetradic elements, the trace is

defined as

(52) aoc Pog Cerioril  Wre2) 17 Capepar/ We!) 3 Xdplep ved
?P\

The distribution function ~W should also be taken to lowest

order in the density, and since we know that matrix elements

“eM, QO
of Pxm=% $s 2 pang) will just lead to factors of
- be -

2. BP 2m and PR PQ)is diagonal in internal state indices.

We now write the operator identity

\ \ eo

(53) = am AU Fed Tel eA) ~
Goo * Tony "edd Gurl) 2 Cao Thyor) ) (Red aed?

and first take internal state tetradic elements,

o -\ \ OD A \,
Aor Rmor * Vga = (HeTiond” BA Fo Gland PE Gos)

A pias \ Lo nrcd Loa
Ean ARKYHSIPII ahaa FERRED

54)

‘D6



Now if we are looking at isolated lines, which is true except

at the highest desities for HCl and perhaps HF, the frequency

denominators will eliminate all w,, except the uw,, near the u we

observe with, because (w-u,), ®»{ for all mn but ab. (For a

discussion of the case of overlapping lines, see Reference 54

or 55.) So we have £ yo : which can now appear in the

denominator.

We have more difficulty in treating the momentum tetradic

elements in such a fashion that Equation (52) may be replaced

by an expression with a momentum dependent tetradic element of

£ in the denominator. If we look at

L (T(o-perPROEREDB=Z,(wong,SREATE
PP’ hi

(55)

| -* ou A Say ) 7 | J wh dy dg | Sy hy yy a) |

T-O% Woo), wr t-0), ARR R foal, RRRE m0, te ) 0)

one approximation we can make is to assume a constant change

of momentum (on the average) so that pq - py = py - i and

so on, and we may have p (8p 38)in the denominator.

A more drastic approximation is to assume that initial and

final momenta are the same, so that Lge) may immediately

appear in the denominator. This straight-line path approximation

is actually useful in pressure broadening theory, because

collisions which change, for instance, the orientation or

speed of rotation of a diatomic molecule can involve long

: ; 29, 61-64
range forces which have little effect on the momenta.

The approximation that the momentum change of particle 1 in

a collision is negligible is certainly good in the limit of

Nc I



a Brownian particle, of much greater mass than the perturbers®?

If as an extension of these series expansions in powers of

~{ one assumes that pd. , though an operator describing momentum

changes during collisions, operates on its momentum eigenfunctions

to give a number, not a function of momentum, one obtains the

analog of the Chapman-Enskog approximation.&gt;’ 60

There is yet another way of approaching this problem,

variations of which have been used in treating the problem of

combined Doppler and collision broadening. 2%” (We will

discuss Doppler broadening at the end of this section.) As

discussed in Appendix F and Section II C, the binary collision

operator (and therefore£= NT,7, ) is composed of two parts,

a noninteracting part £™” which is diagonal in momentum and

an interacting part L™ which is not. So instead of the

expansion in Pasion (55) we may have

5 Ctomogrern) SARARR Del
\ wr, A

(26) - (Yori HT, Rn (Room oI)
- 2,4 ~ /

5 (Komredn© * ate M oodred Th PLAH) os on) + oz .)
There are two complementary limits which may be taken in

order to sum this expansion. In one, we imagine that the value

of LF depends only on the last indices, the momentum after

collision, and that each contains a Maxwellian distribution

function for this last momentum, so that each term factors into

 ry

powers of / FP pL (eo)
(W(w-wy) red Con )

and the spectrum is proportional to

a



57°’ -

B® Ap (Hom vue) * pe) )™

(1 - / Perr pL (5) )
(Rlo-w¥22707))

This is the hard collision approximation, so called because

each collision is violent enough to destroy all memory of

the previous momenta. It is discussed in References 68

through 71.

The alternate soft collision limit of small momentum

changes with a Gaussian distribution centered around zero

is based on the same assumptions that allow on to obtain the

Fokker-Planck equation form the Boltzmann equation. 2”'8

Moving on to other approximations, the full expression

for Tio and thus Ln, given in References 38 and 79, depends

onw . The assumption that the frequency difference W=-W wa

in the range of interest, of the order of pd is negligible

compared with the energies found in the definition of the t

matrices, or alternatively (in fourier transform space) that

the time between collisions which change the energy by no

more than a specified amount is much greater than the time of a

$d : : : . ; 31,80-87

collision, is the basis of the impact approximation.

Next, fa) still depends on Pq and so in general an

integration over the Maxwellian and this momentum dependent

denominator has a effect on the lineshape, but it is smal11.58-89

Therefore the usual approximation made &gt;t is to say that the

integration over the Maxwell distribution has the effect of2 he
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replacing the momenta in Leo) by their thermal averages.

Then with the integration over the momentum part of (VY)

the internal part, ¢PRa is just the statistical weight for

the initial state, and pi is just a number which we can

call y , so indeed we have obtained the Lorentzian lineshape,

Equation (50). by taking the real part of the denominator.

There is, however, yet one more approximation which

we must discuss, involving the contribution of Doppler

broadening. In Equations (51) and (52) we had actually

made the dipole approximation’? which says that since

the wavelength of light N (or the reciprocal of the wave

vector k, k = My is much larger than a molecular size,

we can ignore the fact that Equation (51) should actually be

(58) Try, yo, 2 7 Ce wos Flr OF SL &gt; pL) YT FO) JR

so that Equation (52) becomes

(59) we ¢ PelR) JT 13.7 Ce Me FLED FIED + p30)Co3,07,ARSa’)

3,374 | XBW (dF &lt;3 SRF] &gt;red
quickly making some of the same approximations,

(60) Z Pra (€ +10 &gt;» Tn) ¥ ng + a8 Yapoie B, 0 Fo FAB ay Yale

Ys expansion analogous to Equation (65), the tetradic

element of G, is

(€ +3o+ ny, I+ Yat ries, ap! BER) = Ce #To-w), TXT,
- =a

where k is still the wave vector of light. When XP is large

compared to PL uy we need only retain the first term (G.) in

the expansion. Then integration of the denominator and the

Maxwellian distribution of momenta produces a Gaussian frequency

distribution, the Doppler lineshape.

1
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We will perform this integration in two different ways,

since each method has some instructive features. First, we

proceed straightforwardly from Equation (60) and its following

definition. If we take the k vector to be in the Pp, direction,

and ignore the normalization of the Maxwell distributionand

all other prefactors, we have

Re i e PRE (Ye - (W-wy) » “Piz ) de,

which is

Re -T Res (Fem (w-oe)+ Xz, o PF Aer

evaluated at the pole p= "US OLH) (The pole only contributes

1 because as e¢ goes to zero, the pole is on the real axis and

the integration path is only indented around an angle AW.) So

letting e¢ go to zero, taking the real part, and again ignoring

constants we have the Gaussian frequency distribution of the

Doppler lineshape,

~~ (W-Wy, Yn = — - 2a Wal)
o Pal NV = gry OF

In an alternative method we rewrite the denominator as an

integration over a variable t which has the units of time, which

means effectively returning to the time representation of

Equation (21).
©

IER (REEEALTW
Oo c oY

We then integrate over momentum and the Maxwell distribution,

now writing the normalization simply as N.

SR nek ~TpeTA
STBPTRAgo

~ oN

Eh © - pp(pg+KLE —W rah
Le (03 PaetPa® TRYy 0 at) = XH ge

”
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Having obtained this Gaussian in time, the Doppler time

correlation function, we can let &amp; go to zero and do the time

integration, again by completing the square in the exponent,

Oo o - 4 o- tb

so that / ae “va N Ia® Ay

ot ™ VO -Wya VV © gk ¥ + Iwo /, -u) \~

 ean CRA wa) / e “en( Bra Comuy,

oo (hr (Oona

The one-dimensional root-mean-square velocity, which we

-_ . \ . :

denote by V_, is (Maw) The half width at half maximum of

-x*/n
a Gaussian e Q” is reached when x/a is Jini . So the Doppler

halfwidth is given by the simple formula Jnl KV,

In the case when neither pressure broadening nor Doppler

broadening is negliglible, if we use one of the approximations

discussed above to put the linewidth operator into the

denominator, we must still integrate over a speed dependent

width along with a Doppler shift. Again, the effect is small. ?o

So if we ignore it we obtain a function intermediate between

a Gaussian and a Lorentzian and traditionally used to describe

combined Doppler and pressure broadening, the Voigt profile

ax prog \
LW) of (amo F rel) Bp) AR

-

And, of course, if “%g is much smaller than pdaw’ we may

ignore it and again obtain a Lorentzian. This approximation

is obviously good at high densities, and will be used in all

that follows.
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To summarize, we list approximations we found to be needed

to arrive at a Lorentzian lineshape.

1. To obtain a linewidth which is linearly proportional

to the density we assumed only binary collisions occur. This

was done by resumming the binary collision expansion only in

lowest order in the density. We also ignored correlations in

the density matrices for different particles.

2. We assumed isolated lines, thus ignoring interference

terms which can lead to a non-Lorentzian shape.

3. We had to adopt some approximation in regard to the

momentum change in order to obtain a momentum dependent

collision operator in the denominator of the linewidth expression.

In pressure broadening theory this is most often the straight-

line path assumption.

4. We made the impact approximation, which can be

expressed as ignoring the «WwW dependence of the t matrices.

5. After Approximation 3, we then assumed a momentum-

independent width.

6. We ignored the Doppler shift.

In Appendix F and Section II C we justify the use of the

simple Anderson’ formula for the linewidth in terms of a

Cross section,” Truc . For more accurate, fully quantum-

mechanical calculations one may use the formulas of Baranger 0 ©?

in terms of scattering amplitudes. Semiclassical approximations

may be used on the quantum formulas we began with, for instance

to obtain the classical Fourier integral??’?3or Anderson theory? 4

L |



C. The Triple Collision Contribution to the ILinewidth

We begin our discussion of of the triple collision

contributions with the T156,T136,T15 term, whose tetradic

element representation was given in Section II A. However,

we will start here with a version of Equation (2.24) of

Reference 38,
- - - a ws A a

re Vid V2 T, (RA SF FL98.9, Pas PERC) (e+ T(wo-w0r Sev)
¥h&amp; a 2 a a, - a, 2 a, -

(62) 8 3,7 x Tilo BPA; AK Bag) By B3 RNR ) (€33@m wed + TRV,

4.9; = a A “Sa - A a \ Ar ot

gig Xu (eRg eg GR oR RE) Fy yy

This expression differs from Equation (2.24) of Reference 38

—

in that all momenta involved in the trace have been summed over,

and the sums over intermediate internal states have been

omitted since (as discussed in Section II B) vibration-

rotation lines are spaced widely enough that only one G,

denominator (here the ab element) contributes for a given

-_ - -a’%)
frequency. (The wave vector k is (Qu Wy and was generated

by momentum conservation conditions in the T operators, as

discussed in Section II A and Reference 38. Since terms of

-&gt;

order kc? are unimportant in the G, denominators, we can ignore

the k dependence of Zn and vi, and find from Equations (2.28)

Xs 3 aq, -3, Vy
3nd (2.29) of Reference 38 that Vio 18 "4a, ‘ey 204 Vip 18
9, - Wy,

Y., a °

With approximations discussed in Appendix F, as an

example the first Ti5 tetradic when expressed in terms of t

matrix elements becomes (writing the volume normalization

axplicitly)
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‘6 NY—

gCxYap «lbAR aq 3.
\ Lp

Xl | \" a5 PEte -(a$$) - . -

Yee
) | Jt PP oooP fod -. 298.9 ~V2, xa -=X Lod iN3.7K NHK |. 2

i)
The first two and last terms are referred to as noninteracting,

or forward scattering, and interacting terms respectively.

From Equation 63 it can be seen that both Tyo terms

contain a matrix element of the form YE, Py HBX , while T 4

will give no low order k dependence. In the classical path

version of this ik vector formalism, &gt;? it is from these two
-

Tio operators that one obtains a factor WE where P is a

function of the parameters of the first and second 1-2

collisions. This factor seems to be necessary to show that

the part of the T15G6,T136,T15 term which contains the

noninteracting part of the Tq3 operator is zero. Of course

it is easy to see physically why that part should give no

contribution, since two successive collisions between two

particles cannot occur without some change in the intermediate

path of at least one particle.2&gt; 27

(The fact that in the first order term, NT, + the

contribution from the noninteracting part of TH is larger

and of opposite sign than that from the interacting part, while

in one of the three T operators in the triple collision

expression the noninteracting part gives zero will mean that

the contribution from these triple collisions will be negative

with respect to the first order linewidth. We will give more

discussion on this point when we transform into cross sections.)
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In the quantum mechanical formulation t matrix elements

. : fo IT,

from the two Tio tetradics contain a similar factor

along with some function of the (finite range) intermolecular

potential V(T,,). This will also make the contribution to

-— -

the k integral from large values of k finite, effectively

cutting off the region of integration at some upper limit k,_

Estimates of the size of LR using step and square well

potentials and the first Born approximation are made in

Appendix G.

So with these comments we may ignore the k dependence

-—d

of the T operators, but we must retain k in the G, denominators.

We can write (relabeling momenta) R

L Pry - o-&gt; &gt;» 2,4, o 3. IR -\

Ves Y Tene bne, p/P PRL Je +3)+xEr) )
XH PF -&gt; =&gt; 7 =, Apr, » TL 7 = -)

3 Fa AE X AIST ® ap, 2 vp, PY) (ey RG (- ™))
1 1% Dy D fA a ~~ ~ ~

% Tp Cop 8 v3.5) 08, 3,230.3.) Pq, Pos
- —- i -, =,

where $a, and Pi,= re By, are relative velocities before and

after the 1-3 collision, m being the reduced mass. We keep in

mind that the sum over k now has an upper limit.

(64)

Next we go from the matrix elements of t operators to

elastic and total scattering cross sections. By Equation (19.37)

of Reference 98 the scattering amplitude f is related to t by

65) x ="KNR5

so that :

de _ TL =m Me 1 We

(66) ‘SOL = V5) Gay FY® on i ¥aa RR

in three dimensions, while in two dimensions,

* Lo
(67) Men/y ¥X%/ vb o= VSR =v O0h,
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where ¢&amp; has units of length. And by the optical theorem,

for instance Equation (19.74) of Reference 98,

(68) veer= Ix,=(eam¥N),
where in Equations (66) and (68) the approximations follow

since the intermolecular potential for the initial and final

states involved in infrared transitions are not very different.

We can transform momenta to center of mass and relative

variables, for instance by
~~ ~~ S - ay _® - -t =&gt;

7% PRY=Prhe; ns Wer BLY v
—

=, Sy DY un ~ A 2

P= Py BT, IT 7 Qy

With k, and Pp, whose integration over pg, remains outside the

lineshape expression, this accounts for all 10 momenta summed

over in Equation (64). Evidently the 1-2 relative velocity

sion, Bf =¥, _%
after the 1-3 collision,Vy=va,”An,+18 not an independent

. . - - =, .

variable, but a function of Por Py3¢ and P13 - Yet we will

 ~N
want to integrate over Vig. in the second denominator, and so

i
: ‘ : 2 /

we introduce a Jacobian J = Mwy i, In three dimensions Sky
8

represents the two angles Qe, and Pa , while in two it is |
" e\

Integration over this SUI would ordinarily change 9%, qa. into

a? + SO to avoid complication we must assume that the

: : . : el

scattering amplitude is independent of angle, and simply LA

3)
in three dimensions or 5 7/7 in two dimensions.

By Equation (63) we write schematically

T 14" AA » xt, ool Vel oe os
/ Aa c _E\YY/ NG™ WYoaa (x0) 6 JOE) " ‘

%77 * Y? xd RVR)»( 5 &lt;F Fos. wok AY YH &lt;RNR&lt;RIND
where in the center of mass matrix elements we are still using

the normalization &lt;RIRY=V- So again schematically, after

a L 7



changing to an integration over momentum the interacting parts

of both Tis operators will become
— &gt; el

Sass a). Of J (R-E)

= /~ ‘AM VEY S(E-EN 6 (6h) = Qin) ved

Now we go to the continuous momentum limit, using

Jd
&lt; Y " ~ ( QTH)
La 7 ( “and ) J&amp;R and Z3( NP

in d dimensions, where ob is the Maxwellian momentum

9
distribution function. So we get factors of Mzndin three

dimensions from the momentum integration, since the sum over

d

Py remains outside, and (4%), Y £rom APs going to B,D Now,

for the interacting parts of the T operators we get factors of

3

v2 and (BX yerom the two center of mass DBD functions. That is,

N ’ x 10! A N / x x ¥* / /

Caaoeys) /a, "RRR howe (Gen )/20 Turd Tran RITZ RT
Y* VE Vv VY 3; &lt;7

¥

7 RP YPo RL
Vy 7 QR) ’_ &lt;TR&gt; wht tehAn) - wiv = i

because Carns oA J, |, &gt; \

since SFR =/ $n =\.
So, including (1%) from Equation 69, the fact that

\ Y 6 3) WS ZR) EL
A Carp)VYER) (Gre) (BFP) = Vioqy

means that looking at the real collision parts of all three

(¢ 1)a

T operators we have shown that all volume dependence disappears,

as it must.

For the noninteracting parts, (t - t*), the VE (HR) awk)

from each tt* is instead obtained £rom (#7 Yerom Ape’ Dye!

going to d(g-pr Lp-9)r a factor of {{, IR 7=Y , and the absence of

1/v2 normalization for a second t matrix element. So again, we

are left only with a factor of Gawd, which we associate with

1718



—h

the integration over the momentum nk.

Therefore, collecting the results of the above discussion,

Equation (64) has become, in three dimensions,

&gt; -&gt; -- A toy A [A nN rot e\

—/.ax ApnP; Ap, DydR AR Sv, ‘ec Ng hat Vip (© &amp;y
(70) E&gt; Tm sa,

(e +Vo-w +X Vip Yer Tomy TRV)

So here T3, 7. denotes an operator which becomes

1) x el
hv67° = hy, (61 - )

with ¢P® being the pressure-broadening cross section. Also,

CL \ |

it 1s the fact that Ti3 has become only - that has reversed

the sign of the entire term in Equation (70). In the spirit

of using average values of momenta, in Equation (70) we have

ignored the dependence of vi, on EY and have simply integrated

/

over JCEZED. We have also changed Po’ and be) to De, and De, .

In proceeding further, with integrations over momenta, it

is instructive to look at the two dimensional case first. It

is shown in Appendix H that in two dimensions the Jacobian J,

" 2.80

Sn doe! is GE Tat, So we simply consider
n

= «a ~2 gl / ve ~N PP

JS AK Aga P,P Py A%y AF,” 2) Pi Ra (- A Sn Vid Swi nr )
(x0 Put Jv lm

od ay 3 2K Ao
Le =O, TIC VL) € +T (oYVKVy )

71)

We have shown in Appendix H that by momentum conservation

2 a’ _(™m 22

Y= Ra - C29) (Po - Piz. )

So in terms of SF and eo, , the angles of Bi, and BY, with
RL..B

respect to BY C™%) (¥e West) =
yo voy » Je bo)ECE) Cod® x pl pico) riades@f-e))

72 A , /

 2) (2 (ad PE CRY ip 050-202pgpiCOOHLCDpadcond@
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The angle e, is the x of Reference 41, where it is shown that

integration over XX and e, , the angle of Pi, with respect to x,

gives the result that Sf rat. (After integration over angles, we

would obtain a k integral similar to that in Equation (13) of

Reference 41.) If we take this @/»w limit in the Jacobian, we

obtain

my x y

(J) of (AL*8)-CR)pcose

/e I \2Z -™ / /

fr (2) (Rae) - 2) Ps erp) cos8,]
 3 BE, Rat eat

Now the energy delta function from T said » Ed = 4 V3
13 YU why YY wy

, o - -h lt - . — n 3

and using p/ +P,= rp) this means Pi3 = pPj;- But this means that

in the denominator of J,

/ (TN / y\ -

(74) Lge Sf ~ (RR)=©
This equation agrees with the discussion in Reference 95,

Aaa) :

where for the case that m, =m, =m, so that / = m, and taking PI,

to define the direction of the x coordinate, it is shown that

I" / Io! 4
Pax = Pra ceo5~ Pu and Py YO- These relations follow from Equation

(74) when we realize that it is for the case S, +4 , describing

a long narrow triangle between collisions. It is important to

note that the integration of J over momenta should give a

contribution which is less than one because Poy is the

difference of two quantities which are on the average almost

equal. This should be especially true in Reference 95 where

for the case of viscosity the factor of Pp", enters raised

to the third power.

But where Reference 95 is discussing terms in a density

. = .

expansion and so can average each term over p,, we wish to look

12¢C



at the effect of thermal averaging on the linewidth while

leaving the integral over P, outside the lineshape. So we

choose to integrate our modified J over D5,

(75) / rv AG (2) Pn os Oy, Copy wsOY -R1 ) - 7
° BN Re

Equation (75) means that if we had despaired of integrating

J and decided to choose a number with which to replace it,

that number might as well have been 1. With this and with

the results of the integrations over Q, and oe, as in

Equation (13) of Reference 41, as well as a laf from the free

2 . 1) has become

angle of k, Equation (71) Ve &amp;TP wl on, (x )*

“te Fa, BLAIS How NaC wiley EDJ Ix XAK J Pa, OP 1st 2 i Me
~ win —-

(s)* \ CTR RYAN"
=) \ ra A. L, «viv vo

Oa (37082AYHORE(FT)
isl

The k dependent integrand differs from that in Reference

41 in that one denominator contains a cutoff VA , where AN 1is

of the order of a mean free path, necessary because in two

dimensions the k integral is also divergent at the lower limit.

The derivation and physical interpretation of this cutoff is

discussed extensively in References 38, 41, and 44, and has been

touched on in Section II A. The k integral can be done as in

Reference (41) to obtain

Loy ( (e¥Tlo-0wa)) VV, \u\Y2 a Loo (ern) VV
Wo ((X ( Ny AF) (x ~ ( ne =)

Evaluating at LN and zero, and finally taking the limit «OO,

this becomes (after some algebra)

77) ey L
( 1a W-Oypa)\H ww \ V

GaAER SR
Being of the order of an inverse mean free path, k. increases

“271 a



with increasing density, so that at the sort of densities at

which the triple collision term becomes important, the term

(ea) with Vv the average velocity, is the same size or smaller

for any frequency difference of interest. So we will simply

use 1n (k /kq) as an estimate of the logarithmic term.

We know that the cross sections do not have an important

dependence on momentumS oe 20 So if we carry to new depths an

approximation often used in line broadening theory, and assume

that the cross sections have no velocity dependence and imagine

that the Maxwellians, originally @,’ and ¢3 have become Hp and @.,

or alternatively if we just replace all momenta by their thermal

averages, V, we obtain for Equation (76) the estimate in two

dimensions,

78) VTP eT We

In three dimensions, we find, again from Appendix H, that

O04 wy \RRE oh BY
J or Nar is (RY, 2 fi Pw . This is difficult to integrate

"3 ™ PP
1 a

accurately, so although it may mean an error of up to an order

of magnitude, at the present state of caluculation we perhaps do

best by replacing J by one. (In Appendix H we attempt an

integration which says that J might be worth 4 rather than 1,

~

for the case that (m,/m)=4. However, on physical grounds and to

agree with experiment one wants J to be less than one, so we

compromise.)

With this approximation, we can use Wn (e YR =F SGP V4
e&gt;D

Vo -

and WA V-LS O to evaluate the integrals over the angles of Pq,

—

and p", in Equation (70), (angles measured with respect to Xk),

 rt



so that

Jo ede] sna, de)
Ce + Heo Oyu) ¥ KV os (e+ Tom 0) +iKyY cose!)

just contributes Tay yr. We also have factors of Mr from

integrations over &amp;! and gp, , and a factor of k_ since 1/k°
Xo

from the denominators leaves simply #8/ "§_ Then using
 Oo

integration over the Maxwellians only to replace momenta by

their averages, we approximate (70) by

— oe oe

(79) -Xo/g 36™e

The first order linewidth coefficient AV, in cm” L/atm is
Nay te -1 .

Ime , sO to convert one 6' to sec ~/atm, we multiply by

Ine :

. The term T1265T536,T15 ought to behave precisely as

T1265T136,T15 except for the small difference between the 13

and 23 cross sections. However, the third term, T1565 536, 137

also has a contribution from the noninteracting part of the

Ths operator, which is of opposite sign (and of the same sign

as bv, and which for this estimate may be taken to be about

double the interacting part. In other words, for an estimate

of triple collision contributions in three dimensions it suffices

to take 5

-Iwe GE Xs, AV ry x 3
(80) iv. ? ( yw ved oF Ny Cg x (Avy)?

If we perform a quick numerical estimate, with Xr, = 1/k

being estimated in Appendix G, we find (with values roughly suited

to the HF-Ar system)

“3, 3x ese, 30S ud UN} Sy
u EXO ie Soe (03m) = - 0000s Te

or around -.35 cmt at 100 atm outg3 em”1, an observable effect,

by itself. More estimates for various systems will be given in

Section II E.
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D. The Statistical ContributiontotheLinewidth

We wish to treat the statistical corrections in second

order in the density as if they appeared in the denominator

of the lineshape expression and thus contributed directly

to the linewidth. We begin with Equation (5.15) of Reference

40 and construct a density expansion from it by equating

terms of the same order in the density p ,

(81) (Gg * pL ¥FT VY (\rpa,rFa)A=(WorpW'»FWHIA
where A is an arbitrary function. The first term in the

density expansion is obtained by solving 6, ‘woa=a so that

WC = G,,- Similarly, paA=G) pWA ¥pSW A means

W' = Goa,- God xg. Finally

Prog A= GJ) FWEA » pL WA + FTWOA

- -\ Zz L 2

= Go r WEA » p&amp;p (Goo, GL GIA *p VGA

which gives w&amp; = Ge a; ~ God. (ao + Ged God Gpo~ GV Go

Then to put everything into a denominator we solve

- = vz) —

(C2 * od x A Tr pale) » pha,0 x dae; ) A =WA

Again equating powers of p , p LWA * GWA &gt; eo WA=O says

~\
that 1) = - QG,. Then

Gg pt WhA yelp WA FT WOA + ad W AY Faye WOA - Aono W'A=0

ov .

a, ~ LG, a+ Gof Go Var LG or 2.CGot GAP Go-at ya, Gfx 9,8, Gor as, GF O

SO ol= CH ands) = Qy Go'- 3 . So the second order statistical

term in the denominator is

wd &lt;

(82) - Gg op ¥ GGT ar - da,

Here we use the definitions that the two particle distribution

function 3 A2)= 9) zm ae or QhBy) , and £5 is not p ()- AOA) as in
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Reference 37, but £15 = 9.5 - 1. Also we use brackets £ J to

indicate the average over one particle distribution functions.

The using the definitions, cla, is &amp;NTyors Suni , which we

shall show is the second order contribution from the Enskog

theory of dense gases, plus other terms,

 VHT Got 9:0 Gras San Sudan ¥ VAT GT 9,8 Grp Sy andl

The term Gta? could be written as NETLGY Syd while -fa,

is LNG won . We note that there are many more terms

than the first Enskog correction.

We now comment on some previous methods for approximating

the statistical corrections. If one expands Equations (5.15)

and (5.16) of Reference 40 ignoring € ,

i) (\ » ey 0 -p) = Vag (v » PVrg - Aa) \

they are indeed equivalent to order A However, if one includes

© , which in our case contains the factor Uw-w the expansion

of Equation (5.15) is

Ve (V- Pore + oq, TRE ~E%, x pF de,)

which is not equal to

. ~ 2 p1

VY (\V- ek - Pf v. roe Lay, x 25)

obtained from (5.16)

So if one went directly from an &amp; series or from the

correctly summed Equation (5.15), and used the definition of the

second virial coefficient B(T) ==‘ [S, a%, , one would not want

to approximate the first density correction as (\ -L eB) multiplied

times a linewidth or cross section, as Equation (5.16) might

suggest, but rather to include a factor (1 - 2B) in lowest order

Pr)KR



in the density. As discussed in Reference 56, the reduced

volume factor (\-Lp®)is only one of two contributions, the

other being due to shielding by a third particle to reduce

the probability of collisions. The entire statistical

correction factor in Enskog theory comes from averaging the

density expansion of the pair correlation function oO) =) + ¥()

: : C= (Vy 3

Its density expansion to second order is e Oxp FORTE

If Vip (Try,) is a hard sphere potential, the integration over

T, can be done”? to obtain the original Enskog result,

x PR a&gt; , d the hard sphere diameter.

Given that the third virial coefficient C(T) is

CY) = Vay VERN Yyy AF OF, oF,

one might then want to approximate the first order statistical

correction to the linewidth as rq times the linewidth.199

However, there are better approximations to the Enskog term

which have been traditionally used. We will discuss one in the

next section, but first we must satisfy ourselves that this term

is the most important.

To gain an idea of the relative magnitudes of the

statistical terms, we will write out the traces over tetradic

and matrix elements. We want to look first at the Enskog term,

NTS ay Med a 7s 7, y in which we shall denote the operator

averaged over the coordinates and momenta of particle 3 as Eis

The derivation which follows would work as well for a term

NT 9y7; + OF NT S507, - (The latter object, as if a, were

VE,,, might indeed result from an evaluation of the term §.a,
~ =

i

4 Cu



as we shall see in the next section.)

We PS with
VET, 22 22 rar and yD a,A

(83) 2 ar I2uan le ne. We ig 2 E% fr DP Pe
Pe PR

Summation over Pi, and the momentum conservation conditions in

“ 21 — 2 2 nw T — 21 _ Du

Ts such that Py + P Py 4s Ps generate a momentum k Py Py

Aa - dy —2

just as in Section II C, and give factors of 1§,{), Ry Po

. . od -

and XBR We change the remaining three momenta, Pp, i
- x - - - .

and Pp, to center of mass variables Pio Pq5 and Pisye Going to

continuous momenta, center of mass delta functions give us a

factor of V from Eis and cause “i. to go to

Ny 6TOY 200)
RE (BEN: fs, me SESED 62 (Uh)An V $ 2 / - (In -~_ = Vv —

Y wt Wt wt vi Mx V
which we call

VI VG faa Ga
/ = / Th) )*NRT Ray eC ~

With explicit volume normalization, we have

NV 4 3. Po 3 awny, Gwe’
, / ) 2 aa/ af ak y-! 6 ra 2 INE aa NS ny84) (wre is Rn Av Pree Pate *® ) Ni Togas Y gece VY

3

The last factor of LAY comes about because one can argue

| NV, /
le -A — ~ }8 Xnthat SIE , being approximately YEA , should be

32 PE

EARS wv IN since faz,VY =V 2&amp;0 SA ERD
&gt;

(Similarly, £5 can be approximated by ou J ) Actually

Eis (and £15) being of finite range in r,,s can be approximated

by a square well, and will lead to a cutoff kg as discussed in

Appendix G. But this k is much less than a thermal average

momentum, and, in contrast to the denominators discussed in Section

IT C, here appears only added to the relative momentum.

7Po



If we use the average over the Maxwellian to simply

substitute in average momenta, Equation (84) simplifies to

— oe

VF ££. (where from above E for hard spheres was Sv 8) ’

Next we look at NF, aT go 5a 724) from fa, . We begin

with a a

(85) 33Eh RPP Pr) Ta (Rh %a A FX)

Law x Go(3,3 2X) (9% $0) (ayy 6 2X PL Py

Actually, the second bp! in Ty 3 is P! - x, and the al, - k

index is really composed of a} = q, — x! and a} = q, + Xk"

But this % momentum index is really zero because there are

A 8

lr

no more particle 2 operators in the expression, and therefore

- - re &gt; - -3 -

with this definition of k and k' we have not only 9,45 = q;+a3-k

&gt; - = &lt;S,

from Tq3 but also dq + dy = dy + a5 from the momentum

conservation condition in £5:

Changing to integrations over center of mass momenta, we

obtain

Y, fs 307 a 2 2, tT SL1) R40 0% aR ad |ak AQ SRN Ey pL (U6) x’(Gr ) in Pu WwoRy Ly ax Ry \ Y “it Sours Ji 2, ( VY ) GLX)

86)
po 3 ©)

by Ynb WY \* 9% awn)3 | 2x 7 os J, wn hy 3 po ir

V our RC,qs v) yr Ge) ge, (Tv)

We can simplify Equation (86) by again using hes Cert) 1 S60)-5 P%
-

on G, to do the integration over the angles of k'. Cancellation

\ a,
leaves one factor of 05%) , which we incorporate into k to

make it a wave vector. Then we include a cutoff wave vector kl

as an upper limit (which can be determined by the estimation

: &gt;, , WZ

methods in Appendix G, perhaps using [V(X aK! = &gt;° Na0Imt Ary ).

We argue that the result of the radial integration, ® "Xo", Fa

approximately cancels the V,4.
y resulting from Ts since we
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choose kl to be of the order of a molecular diameter. Then

substituting in average momenta, and taking 9) to be one, we

can approximate Equation (86) by ~-Lb Vay , Since neglecting

k in the matrix element of f,, it is approximately /%,d¥,= “1%.

Terms like A Tn GeSg? Ss go in much the same fashion,

so we look at only one more, VF G6Th 9 Sy Sarg which if

we immediately take QQ as one becomes

( Gooey) Yo a8 IF aR aF,a3, a8 AW
o

« v( Ay Yio? aon IB 3 (PEPE (fe Rego Kg,i

fo

x (Vy "et Socl Io 9! Ceibl x VJ BY IFN 4,9, (Og
Here two factors of Yaa? survive and are incorporated into

integrals over k and Xt. So again cancelling T1536, as above

and breaking averages over momenta Equation (87) could be

crudely approximated by PIS We will find ourselves in

desparate need of this factor of Vog)© when we estimate the

relative sizes of the statistical terms, which we now proceed

to do.

If we first, only for an order of magnitude estimate, use

the hard sphere Enskog expression, we find Jwa® to be 11x10 Yorro

for d, the hard sphere diameter, taken as 3.2 A. Interestingly,

B for an attractive potential like that for argon-argon is

around -16 em’ 1618 so that -2B is \M X16 atv | Therefore

from our estimate of Equation (86), terms like AVA Ga Tn a Sn

might be of the same size as the Enskog term, were it not for

the factor of Vom? left over from a k integration which the

4



Enskog term did not have. Similarly, if we estimate (87) by

again cancelling the integration over G, (k) with Tiss and

approximating Qa hs by 482, we find multiplying times WIS 4

gives about 8 times the 2B found in the above £13 correction.

But fortunately, 148 is 1/61529 so this contribution is also

negligible.

So we need consider only the Enskog type term out of all

the statistical corrections in second order in the density.

For further discussion of this term see References 100-106.

We will actually not use the hard sphere Enskog theory, but

will discuss in the next section a commonly used method of

approximating the Enskog term for real potentials.
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E. Discussion of Theory and Experiment

We begin this section comparing theory and experiment

by exhibiting the results of a number of other workers

on the density dependence of the diffusion coefficient.

We do this because the diffusion coefficient and the

effective cross section derived from it are in closest

analogy of all transport coefficients to the absorption

coefficient and the cross section obtained from the

linewidth.

This is so because the higher density contributions

to both the absorption and diffusion coefficients arise

only from the increased local density around the particle

of interest described by the statistical terms of Section

ITI D and from the triple collision events of Section II C.

In the case of other transport processes, like viscosity

and thermal conductivity which involve transfer of

momentum or kinetic energy over a given boundary, the

transport can occur due to collisions at the imaginary

boundary, in addition to transport due to crossing the

boundary. In the hard sphere Enskog theory for dense gases&gt;°

this effect is shown to be larger than the statistical,

collision frequency correction from the radial distribution

function, ¥ in the Enskog theory. Diffusion and absorption

of radiation involve properties, the mass of the molecule

and the dipole moment, which cannot be transferred by

collision, so the Enskog relation for the diffusion constant

13°



D in terms of its low density limit D, is just D=D_/%

For purposes of comparison, all diffusion coefficients

were reduced to density dependent effective cross sections

&amp; using the relation from simple kinetic theory, 197

_ 3 1 Vv, |

88) P= (Tm) be

This cross section would be constant if diffusion involved

only binary collisions. A linear least squares fit of the

effective cross section as a function of density gives a

low density limiting value for the cross section as an

intercept and a second density correction as a slope. These

parameters for a number of systems are presented in Table 5.

In Figures 30 through 33 we give some examples of this

sort of cross section plot. The general trend of all the data,

as shown in the least squares fits, is for the effective

cross section to decrease with increasing pressure, as is the

effective collision frequency were increasing at a less than

linear rate. The plots are useful to show that while there

are some excellent measurements in which the second density

effect is clearly visible, many sets of data contain such

random error as to cast doubt on the exact size if not the

existence of this effect. It is the well known difficulty in

making transport coefficient measurements precisely which led

us to look for density effects in lineshapes. When the

linewidth data of the present work is put into the same format

of a plot of effective cross section against density, we will

find that the scatter in the data compares favorably with much

2 3



Table 5 : Density Dependent Effective Cross Sections from Diffusion Coefficients

This table gives the low density cross section (&amp;) and first density correction

in 22 famagat (in the column marked Slope) obtained from a linear least squares fit

to diffusion coefficient data. The first three columns give the system studied, the

temperature for the measurements (seen to have a noticeable effect on &amp; ), and the

literature reference. The column labeled MET is the estimate of the modified Enskog

theory for the first density correction in 2% /am, and the column labeled Eg. (79)

is the estimate of the contribution to the same property from recollisions.

To compute this last, we need the average relative velocity V, here listed in units

— of 104 cm/sec, and a cutoff radius roe here in A. Also listed is the linewidth
 WwW

equivalent of the diffusion cross section, Y&amp;/ arc ,given in cmt

Slope MET Vr,oh
-.016 0Kr-He 35°c 109 25.1 a2 13.0 2.5 .046 -.018

Ar-Ar 49.4 108 39.1 01 -. 007 5.6 3 .033 -.06

CO,-H, 35
100

114 41.2

44.3

.004 -.002

.0095 ~.01

18.5 3.2 11

20.4 .13

-.007

-.009

Kr-Ar 35 109 41.9

43.0

-.032 -.007 4.9 3.3 .03

-.027 -.011 4.4 .03

-.076

Tt
4 GI)



Table 5 : (continued)

System Temp. Ref. 6 Slope

Kr-N,, 35 109 42.8 -.024

-25 43.4 -.027

CO, -Ar 75

50

113 43.1 -.014

44.2 -.016

44.0 -.01825

Kr-Kr 35 109 47.7

111, 51.1

112 57.3

-.026

-.043

-.042

9

53

—~ Kr-Co, 35

= €o,-CO, 100 115 51.3 -.017

75 116 52.0 -.038

50 116 53.2 -.026

45 110 57.2 -.060

35 115 56.5 -.013

25 116 54.8 -.019

25 110,117 59.7 -.078

20 118 59.6 -.027

-.070

MET v ve, 79
v r LC Eq.

-.022 5.6 3.3 .03 -.057

-.027 5.0 -.073

-.012 5.9

-.006 5.7

-.005 5.5

-.009 3.9 3.4

-.0003 3.7 3.6

-.004 3.3 3.8

.03 -.052

.03 -.055

.03 -.060

.027 -.10

.027 -.]2

.027 -.15

.033 -.10-.005 4.75 3.5

-.013 6.0 3.6

-.008 5.8 3.6

-.003 5.6 3.6

-.003 555 3.8

-.002 5.45 3.8

-.0026 5.35 3.7

-.0029 5.35 3.9

-.004 5.3 3.9

.044 -.12

.043 =e l2

.042 -.13

.045 -.20

.044 ~ v.15

.042 -.14

.046 -.17

.045 -.17



Figure 30: A plot of effective cross section

for Kr-Ar derived from diffusion coefficient

data using Equation (88), as a function of Ar

density. Data taken from Reference 109.

Figure 31: Effective cross section plot for

Kr diffusing through Kr (squares) and N,

(triangles). Data from Reference 109.
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Figure 32: A plot of effective cross section

derived from Ar self diffusion as a function

of Ar density. Data from Reference 108.

Figure 33: A plot of effective cross section

derived from Co, self diffusion as a function

of Co, density. References 110 and 117 gave

the data.
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of the diffusion coefficient data, at least at high enough

densities that the absorption linewidth is considerably

larger than the laser linewidth.

Before we can compare estimates of triple collision

contributions to experiment, we must find a reliable way

of estimating the statistical correction discussed in Section

IT D. We will use a method first suggested by Enskog, of

incorporating experimental compressibility data (and therefore

properties of real gases), now known as modified Enskog

theory (MT) . 100 The pair correlation function appearing

in our formulation of the staistical term becomes for the

case of hard spheres the expression found in the Enskog

equation of state,

(89) TVRY = | + bp)

where X = (1 + Sg Pe # ...) and b = Aaa? with 4d being

the hard sphere diameter. In other words, we have an

effective Vp (PV/RT-1) in the denominator multiplying the

low density cross section.

It was the suggestion of Enskog that, first, the pressure

P be replaced by the "thermal pressure" T (O%),, - 2° (Or as

in Reference 56, since P becomes P + ap" in the Van der Waals

equation of state, we should have P go to T (P%). . Then,

one can use experimental compressibility data in the form

of a virial expansion, (PV/RT = 1 + Bp + cpt + ...), to obtain

APY _ o

bpx = Vr %7)y b= 7 Zr (PVigp), * Dogg ~

Then we substitute in the virial expansion, and insist that
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¥v—&gt; 1 as p&gt; 0 so that we identify b = B + TB, we have

AC
(¢*T- “ar ) x
(pn +7 9B x7)

(90) KX = )

in D = D_./% -

So, to compute second order density corrections to the

effective cross section or collision frequency we need not

only the second virial coefficient but the third, as well as

their temperature dependences.

For purposes of this estimation, we will take our virial

coefficient data from the compilation given in Reference 119.

Of course, virial data are not known perfectly, and in

particular the third virial coefficient and its temperature

derivative may be more inaccurate than even the second order

density dependence we wish to compare them to. However,

all the estimates display the properties of the following

example, for Kr-Ar.

At 35°C, virial coefficient data from Reference 119 is

given in Table 6. The third row of the table is calculated

by assuming that the virial coefficients are functions of

hard sphere diameters, and that these diameters obey the

. I” Yo \k

addition rule. In other words, we take By, = Vy, (3% ¥ BF) and
V, (e™ mM Co :

Cp = 4. + Cy )'. Note that the temperature derivatives in

both cases are larger than and of opposite sign to the virial

coefficients. So with both signs reversed, the ratio remains

negative, thus giving a decrease in effective cross section

with increasing density. However, the difference C rt 9, is

14°?



Table 6 : Example of Virial Coefficient Data

System _ EB
——

1 oy aT

Ne
Cakt -14.2 oti Jaole 59 on’ /mole

LE3 -4 114

Ar-Kr -28.6 (4

~
er 7%

1130 (cm) 2 ~1330 (em, 2
mole mole

2420 -2640

1625 -1900
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now smaller than C alone. So continuing our example we have

-215/55 = -3.9 em’ /mole. Dividing by 22414 cm3atm/mole gives

a fractional contribution of -1.7x 10% / am, and multiplying

by the cross section, 41.9 AZ, our estimate of the second

density contribution is -.007 A /am, while the observed value

was -.032 2° famagat.

And indeed, looking down the column labeled MET in Table

5, where we list the first density corrections obtained by

Equation (90), we conclude that by this method of estimation

the Enskog term seems too small to explain the observations

for the diffusion coefficients by itself.

Using the simple expression for the linewidth,

and the conversion from density in mole/cm&gt; to amagats,

3.72 x 10” 20 atm cm’, we can also convert our observed line

broadening coefficients to effective cross sections, and

produce the same sort of plots we used to show second density

dependence in the diffusion coefficient. (An amusing

coincidence is that for HF-Ar the factor V4e(3.72 x 10720)

is precisely 0.001x 101° at 310°k, so that anywhere around

room temperature cross sections in IG and linewidths in

thousandths of wavenumbers (millikaysers) per amagat are

numerically equal.)

Only our data for HF broadened by argon is sufficiently

reliable and goes to high enough densities that there is any

hope of finding believable second density affects. Also, the

data at low densities, where the linewidth is of the same size

144



as the width of the laser line, is too unruly to include in

any fit. Therefore, the plots of effective cross section

versus density in Figures 34 through 36 and the results of

the least squares fit given in Table 7 are based on data above

50 amagats. (Choosing other nearby points at which to begin

the fit will change these numbers by around 20 per cent. And

certainly for the smaller lines the magnitude of the effect

is very much in doubt. But it seems clear that at high

densities there is a second order density effect, very similar

to that seen in the diffusion coefficient.)

Table 8 presents the observed second density terms for

the HF-Ar system, together with the calculation of my estimate

of the triple collision contribution derived in Section II C,

Equation 80,

“dy SIG C4, (avy)

where v is the average velocity, 6 is the elastic cross section,

1/x is a cutoff wave vector, and AV, is the observed line

broadening coefficient. This is at best an order of magnitude

estimate, and the close agreement is fortuitous. Also in the

table we present these estimates for the HCl-Ar and DF-Arxr

systems, although the quality of the data does not allow

obtaining experimental values. (We note however that the total

second density terms for the low J HCl lines cannot possibly

be as large as my triple collision estimate, since otherwise

they would be seen.)

Table 9 reports the res” -s of some linewidth measurementsi
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Figure 34: A plot of effective cross sections

derived from HF P(2) linewidths by assuming
- ©

the linewidth is given by PYE/ 1c , plotted

as a function of argon density

Figure 35: A plot of effective cross sections

from HF P(3) linewidths.

Figure 36: A plot of effective cross sections

from HF P(4) linewidths.
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Table 7 : HF Linewidth Second Order Density Effects

This table reports the results of a linear least squares

fit to a plot of effective cross section derived from HF

linewidths as a function of density. The column marked

Intercept gives the low density limit of the effective cross

section, and that labeled Slope gives the second density

correction. Both values are listed with the standard deviations

obtained from the fit.

Line

P(2)

P(3)

D(4)

Intercept

32.0 +.6 A”

24.5 +1.5

21.8 +1.0

slope

-.031 + .006 A%/am

-.015 + .015

-.012 + .01
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Table 8 : Estimates of Triple Collision Contributions to Linewidths

For use in estimating triple collision terms, this table includes columns

of the average velocity v listed in units of 10% cm/sec, the cutoff Tr, in A,

the elastic cross section &amp; (obtained from rare gas values) in a%, and the

line broadening coefficient AVy, from this work in cm 1 /am. The last two columns

give the observed second density term and its estimate using Equation (80).

——d

n
-d

System

HF-Ar

HCl-Ar

DF-Ar

v r 6 AV, Observed Equation (80)

P(2) 6.9 3 31 .029

P(3) ,023

P (4) .020

Cd

-.000031 =
-.000015 aM

om]

~.000028 =
-.000018 &amp;M

-.000012-.000013

R(1)

R(2)

R(3)

R(4)

R(5)

R(6)

5.8 3.25 36.3 .042 -.000076

034,
032

.028

021,
016

~-.00005

-.000044

-.000034

-.00002

-.000011

R(2) (.023) -,000018

R(4) (.016) ca 0000009



Table 9 : Estimates of Triple Collision Contributions to Other Linewidths

The numbers listed in the first few columns of this table are explained

in Table 8. The line broadening coefficients were taken from the same reference

as the density dependence. In contrast to the previous table, the last two

columns give the observed deviation from the linear linewidth at the highest

pressure studied.

—

‘Ji

ND

System v r, &amp; _AVy4

HC1l-Ar 0-2, P(l) 5.8 3.5 35

Ref. 120 P(3)

R (5)

.063

. 047

,033

HC1-HC1 0-2, R(8) 6

Ref. 121 R(5)

R(4)

P (3)

3.5 34 . 115

. 178

.208

23

HCl-Xe 0-2, P(1l)

Ref. 25 R(6)

4.3 3.6 52 . 077

054 0

Observed

-.11 — at

-. 065 10 atm

-.047

-.039 cm! at

~.056 5 atm

-.05

- 074

0 at 9 atm

Equation (80)

-.015¢cm™ 1 at

-.008 10 atm

,004

~.012 cmTat

-.029 5 atm

~.039

048

- NJ]

305



Table 9: (continued)

System Vv r 6 AVv, Observed
—0 — —————— St—————————e————ea—

1
2.5 26 .158 -.03 cm © at

238 -.0g ° atm

HF-HF 0-1,

Ref. 10

R(6) 8

R(5)

R(4)

R(3)

R(2)

R(1)

R(0)

P (4)

P(5)

P(6)

. 354 -.24

. 446 =, 31

. 537 -.715

.496 -.615

.453 -.405

. 453 -.465

295

, 174 +. 35

G.Sy

HCl-Ar J 0-1

Pure Rot. 1-2

Ref 34 2-3

5.8 3.5 35 .06 0 at 15 atm

.037 0

.026 0

.025 03-4

Equation (80)

~.018 cm©at
5 atm

-.06

-.09

-.14

-.20

-.17

-.14

-_14

-.06

-.02

-.03

-.01

-.006

-.006



from the literature in which second order density effects

on the linewidth had at least some chance of being observed.

Of course there is no guarantee that deviations from a

linear behavior for the linewidth are not due to some other

trouble with the experiment. Indeed, for some experiments,

both those which show an effect and those which see nothing,

the experimental data consists of only two points.

In Table 5 we present a column (marked Eg. 79) of my

estimates of the triple collision contribution to the diffusion

coefficient. This simply assumes that the collision frequency

correction Equation (79) (=ky/g &amp;) in sec” Tam? is the average

velocity V times a cross section correction in cm? Jam.

These estimates are obviously too large. But this is not

surprising considering our discussion in Section II C showing

that transport coefficients, in which the collision operator

operates on functions of momentum, have reduced triple collision

terms due to constraints on the angles of the relative momenta.

Exactly what factor should be used to reduce the estimates is

a matter for detailed calculation which will not be attempted

here

In order to finish our discussion of the second density

effects on the linewidth, we should compute estimates for their

Enskog contribution. We might like to simply conclude that

the contributions will have the same characteristics as the

MET estimates for systems studied by diffusion, that is,

having the same sign and order of magnitude but not being

5.



large enough to explain the observed effect by themselves.

If we wish to do better, however, repeating the MET

calculations for systems like HF-Ar and HCl-Ar is difficult.

There exist some compressibility data for aca l22.123 and

arp124, and even some indication that the third virial

coefficients are of the same order of magnitude as those

previously encountered? and decrease with increasing

temperaturel?3. But even if the data for the individual

virial coefficients were trustworthy, which is not, the

procedure of using combining rules to obtain virial

coefficients for an HCl-Ar mixture is probably not justified.

Another possible approach is to use the expressions

for B and C and their temperature derivatives for a Lennard-

Jones 6-12 potential from Reference 125. For instance,

for the isotropic HCl-Ar potential used by Gordons (originally

from Reference 126) the r, is 3.39 A and the well depth is

205°K so that T* = Kk? is 1.45. From Reference 125, with

B* = B/b C*x = c/b 2, and b “Ned, at T* = 1.45 we have

C* = .556, TdC*/dT = -.364, B* = -1.28, and TdB*/dT = 2.53.

With bJ being 46.9 ors /mole, this means a MET second density

contribution of + 7.2 cm’ /mole is obtained, which is larger

and of opposite sign to those from experimental virial

coefficients.

So perhaps we indeed do best by assuming that the

statistical corrections are of the order of the MET estimates

made for the diffusion constant, and that therefore recollision

1 BK



terms the size of those obtained in Section II C may be

needed for agreement with experiment.

Further it seems a fair conclusion that the experiments

do support the existence of a second order in density correction

to the linewidth, but this term is small, almost within the

experimental uncertainty. Therefore, any third order terms,

logarithmic in density or not, would be very small at moderate

densities, and very difficult to measure.
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IIT APPENDICES

Appendix A : The Chromatix Laser and Parametric Oscillator

This appendix contains a discussion of the routine

operation and maintainance of the Chromatix Nd:YAG laser and

optical parametric oscillator (OPO), the frequency and power

characteristics of the parametric oscillator and some comments

on its operation with an intracavity etalon. Much of the

information given here is also contained in the Chromatix

manuals for the laser, parametric oscillator, and crystal

oven, but like all manuals they benefit from the addition of

personal experience.

We begin with the normal operation of the Nd:YAG laser

as it is used to produce green pump light for the parametric

sscillator. First, the power for the laser is normally kept

turned off at the laboratory circuit breaker (number 8) .

Second, cooling water for the refrigerator heat exchanger

must be flowing through the garden hose at an adequate rate

or the laser refrigeration system circuit breaker will open.

Assuming operation in the green region, the laser may be run

without refrigeration, and indeed it seems one may obtain

slightly higher power without it. On some occasions, however,

the laser seems to have had better long term stability with

the refrigeration on. In any case, going from one to the other

changes the laser cavity and necessitates readjustment.

Only when the power and water have been turned on can the

laser be turned on at the power supply. However, the flashlamp
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should still not be turned on until it is verified that either

the pulse rate knob is on, or the laser is being triggered

externally. For these experiments, the laser was triggered by

a pulse generator (General Radio model ]12]17-A) through the

Lamp Trigger In connection, as specified in Section 1.4 of the

Chromatix laser manual. When the laser is triggered externally,

the pulse rate knob is set to zero, which turns on a red

warning light beside the laser power knob. Turning on the

power when the laser is totally untriggered will charge the

capacitors well above a safe level, causing at worst a

component failure and at best an unpleasant time when the

flashlamp is required to discharge the overload.

Operation of the parametric oscillator requires that the

Nd:YAG laser be Q-switched, and also demands close to its

maximum safe power. There are four adjustments commonly used

to peak the laser output. The first two, the back mirror knobs,

will need readjustment almost every time the laser is turned on.

The back mirror is on a triangle mount, and the knob closest to

the operator (corresponding to vertical tilt if the cavity were

not bent) is quite sensitive, while the far knob, with a gear

arrangement, is less so. It is this knob, however, which

controls the laser frequency. (If this knob is too far out of

adjustment, the laser can operate on a green line at 531 nm,

instead of the considerably stronger 532 nm line.) Only the

back mirror should be adjusted, with the front mirror kept

fixed. {58



Next the frequency doubler will often need alignment, but

this should only be done with great care. When its green out-

put is not maximized, the doubler crystal absorbs the infrared

radiation and can be thermally damaged. Furthermore, this

adjustment has an extremely narrow maximum. This maximum lies

between two secondary maxima, so at times a quick check should

be made to see that the knob is at the central peak. (The

maximum height of the pulse from the visible monitor, an

internal PIN photodiode, appears to occur at the two inter-

mediate minima around the central laser power peak. Therefore

all adjustments should be made using the power meter, a

Scientech model 36-0001 1 inch Disc Calorimeter, and a

sensitive voltmeter.) Often a change in the doubler angle will

necessitate a change in the back mirror alignment, and one

should go back and forth between the two adjustments to make

sure the output has been optimized.

Finally, an adjustment which can sometimes have a sizable

effect on the output is the Q-switch vernier control. This

positions the window in the radio frguency field applied to the

acousto-optic Q-switch over the maximum in the flashlamp pulse.

For this experiment, any adjustment of the Q-switch vernier

will necessitate repositioning of the integrator switch window

(described in Appendix C) over the laser pulse before it can

be detected. It is possible that this Q-switch vernier

adjustment may contribute to the pulse to pulse stability of

the laser.
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Another source of instability is competition between

transverse modes of the laser. The laser should operate only

in the TEM; mode. This can be checked by expanding the beam

using a lens and projecting it onto a wall, looking for any

sign of TEM; or TEM, , modes. These can then be eliminated

by closing down the diaphragm in the laser cavity.

In the best of times, a clean, well adjusted laser

should produce around 16 mW average power at 370 volts across

the flashlamp and 30 Hz pulse repetition rate, and 20 mW at

390 volts. However, the laser is dirty enough that these

power levels are only attained at 10 or 20 volts higher lamp

voltage.

If the preceding routine adjustments do not result in the

desired power level, there are several items which may be

checked. First, the laser water and coolant systems should

be flushed every month, or every few weeks if the laser is

being operated every day. The laser may show up to a five or

ten per cent increase in power after a flush. Additional

cleaning may be achieved by flushing with a solution of around

one per cent of EDTA (in coolant system only) and Liguinox

soap. However, the laser will inevitably become dirtier, and

even frequent flushes can only slow this trend. The flashlamp

water jacket can be swabbed out during lamp changes using a

mild HCl solution and a O-tip, which can be checked for any

brown deposits. The top of the reflector cavity can even be

removed to check for deposits on the laser rod. However,
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removing and cleaning the rod itself is a major and difficult

operation, which has only been attempted once. Preventive

maintainance is advised to forestall this unpleasant task.

A second source of power loss may be a deteriorating

flashlamp. Their output may show some falloff after 3 or 4

million pulses. This possibility is easy to check, using the

simple lamp replacement procedure given in the laser manual.

Two other components which may be adjusted occasionally

for maximum pulse stability and amplitude during Q-switched

operation are the RF switch and RF oscillator. The RF switch

is located in the laser head and has an impedance-matching

network which can be optimized with two screwdriver adjustments.

There is a BNC tee on the switch which allows observation of

the Q-switch RF during these adjustments using an oscilloscope

probe. The RF oscillator is a large vacuum tube located in the

laser power supply next to the circuit boards. It should be

optimized first. It has two very sensitive knobs, of which

the upper one should be adjusted first. The object of both

these adjustments is to maximize the peak-to-peak value of the

Q-switch RF, but also more importantly to maximize the laser

power and stability.

Now we discuss the normal operation of the optical

parametric oscillator. When the parametric oscillator is

already producing red and infrared light, it is customary to

vary the alignment of one or both mirrors and perhaps the

crystal oven and visually maximize the red output. The true
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maximum in output cannot be located by more systematic methods,

but "walking" the cavity is a dangerous practice and may result

in straying far away from best alignment. When this happens,

or when mirrors are changed so there is no output at all, it

is necessary to follow the alignment procedure discussed below.

First, before the oven temperature controller is turned

on, the pressure from the ultrapure oxygen cylinder should be

raised to ten pounds from slightly above zero, where it is

always left to keep dust away from the crystal. Second, the

OPO crystal has four quadrants, with different coatings which

make some difference in operation in various spectral regions.

The crystal is installed so that quadrant 1 is at the top and

closest to the operator. Two adjustment knobs on the oven

allow the various quadrants to be moved onto the laser spot,

which can be seen to become more diffuse when moving through

a boundary. Quadrant 1 is used with the Pl mirrors, while

quadrant 2 is used with P2 and P3 mirrors. (See Figure 37 for

ranges of operation of these sets of mirrors.)

When aligning the OPO the Nd:YAG laser should not be

O-switched and should be operated near threshold lamp voltage

and with the green attenuator. Also, no light should be put

onto a cold crystal. The oven should be set somewhere in the

wavelength region for the mirrors being aligned (near the

center, if there is no output to start with).

Several measurements have been made on the power of the

red light at around 6710 to #780 A wavelength or 335 to 340°CWT
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Figure 37: A plot of wavelength of optical

parametric oscillator output as a function

of crystal oven temperature. The bars mark

the regions of operation of the various

mirror sets, Pl mirrors being used in the

longest wavelength regions and then P2 and

P3. The P2 and P3 regions overlap, while

there is a small wavelength region which is

not easily obtained using either P1l or P2

mirrors
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oven temperature. (The infrared power is too weak to be

measured directly.) The results are that with a 30 Hz pulse

rate, an average green pump power of 16 to 18 mW produced

2.1 to 2.3 mW red power. Assuming a pulse width of 100 nsec

this translates into a peak red power of 800 watts. The

corresponding infrared power levels would be about 0.5 mW

average power at 30 Hz, and 200 watts peak power. These

figures vary with wavelength, and would be smaller in the

3.5 micron region, at the end of the OPO gain curve.

The parametric oscillator crystal can be damaged by too

high peak pump laser power. A good safe maximum is 0.75 mJ

per pulse. Since this translates into about 8 kW peak power,

or 22 mW average power at 30 Hz, it is also close to a safe

maximum for the pump laser. The actual damage threshold may

be much above these figures, according to people who have

enough money to find out.

For a well adjusted parametric oscillator, 14 mW average

pump laser power should be enough to produce red light in

almost any spectral region, and 16 mW should be enough to

give stable operation.

Although no experimental measurements were taken with

the intracavity etalon and external spectrum analyzer, a

good deal of time was spent in characterizing them. Here we

shall simply state the progress made in finding the properties

of the etalon and spectrum analyzer, and then describe their

alignment procedures.
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We have three intracavity Fabry-Perot etalons, numbered

EY 45, 46, and 57, with finesses (free spectral range divided

by bandwidth) of 4, 7, and 11 respectively. They are solid,

temperature tuned etalons, all with a bandwidth of about

0.6 cmt and coated for the region of 2.7 to 3.3 microns.

The etalon temperature controller also has a knob which allows

matching the OPO modes to the peak of the etalon window.

This is done by changing the cavity length by means of a

piezoelectric transducer on the output mirror. The number

of cavity modes passed by the etalon can be checked using an

external etalon, or spectrum analyzer (Spectra-Physics model

422). This is also scanned by a piezoelectric transducer,

controlled by a Lambda model 4 power supply.

Briefly, the following characteristics have been observed.

The spectrum analyzer indicates that single mode operation

can be obtained using the two highest finesse etalons, with

the finesse of 4 etalon passing between 1 and 3 modes. Single

mode operation can be stable in frequency for periods of 5 to

15 minutes. Using the etalon temperature control one can move

from one OPO cavity mode to the next. This mode spacing is

10 to 20 etalon temperature units. This spacing, around 0.04

em”1, is also around 35 to 40 volts for the spectrum analyzer.

It is also consistently about 300 volts on the OPO cavity

piezoelectric control, although this shows some unpredictable

behavior in between transmission peaks. The free spectral

range of the etalon is on the order of 100 temperature units
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on the etalon oven control, and that of the spectrum analyzer

is 200 to 220 volts.

Finally, we discuss the alignment of the etalon and

spectrum analyzer. In aligning the etalon, one should take

the same precautions in regard to temperature and laser power

as were described for mirror alignment. Three very faint

spots will be seen on a scatter screen placed behind the output

mirror. The two that move toward each other as the etalon is

tilted are the ones to superimpose. (An equivalent procedure

is to superimpose the two spots that can be seen between the

OPO lens and the input mirror.)

The spectrum analyzer is aligned using a Spectra-Physics

model 132 helium-neon laser, an iris to prevent reflections

from interfering with the laser output, a photodiode, and the

90 volt sawtooth wave generated by an oscilloscope at a time

base setting of around 10 msec/cm, used to drive the piezo-

electric transducer. Alignment begins by centering the He-Ne

laser spot on the input lens of the spectrum analyzer and

tilting and translating until the laser comes through.

Roughly align by watching the reflections off the spectrum

analyzer onto the iris. When the system is well aligned, four

spots are seen, one small bright spot, one small rather weak

spot, one medium-sized very dim spot, and one large bright spot.

The best alignment is when the second and fourth spots, and

probably the third, are superimposed.

Final adjustments on the spectrum analyzer are made by
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changing the mirror separation while looking at the pattern

on the oscilloscope due to the transmitted light detected by

the photodiode with changing ramp voltage, As shown in

Figure 38, the pattern consists of repeated scans of the

He-Ne laser output. The object in alignment is to maximize

the sharpness of the peaks.

To allow changing mirror separation, one of the spectrum

analyzer mirrors is on a screw thread mount, adjusted with a

special tool. When starting from the beginning, turn the screw

all the way in and slowly back it out, about two revolutions.

Each time the separation is changed the tilt has to be adjusted.

If the scope pattern moves to the right as the tilt is adjusted

then the separation screw should be turned in, and vice versa.

Alignment is achieved when the resolution of the laser peaks

is maximized and when they decrease in amplitude without moving

~ither to the right or to the left when the spectrum analyzer

is tilted
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F'igure 38a: Oscilloscope trace of He-Ne

laser output detected through the spectrum

analyzer driven by the 90 volt ramp from

the scope. The x scale is 10 msec/cm and

the y scale is 0.2 volts/cm. The spectrum

analyzer was using the number 18 mirrors.

Figure 38b: The same, but using number 7

mirrors. These mirrors give much sharper

peaks, and were used during the studies

of the internal etalon in the 3.5 micron

region of the infrared
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Appendix B : Sample Cell and High Pressure System

This appendix details the construction and components

of the high pressure and vacuum system. A rough sketch of

the window mounting of the monel sample cell is given in

Figure 39. This design has the advantage that the high

pressure is held in by the large outer bolts, and can only

seat the sapphire window more firmly onto its O-ring. The

plate and small screws need only hold the window against the

one atmosphere pressure encountered when the cell is

evacuated. ' (Both inner and outer screws should be tightened

using a torque screwdriver for even compression of the

O-rings and to avoid cracking a window.)

Figure 40 is a schematic diagram of the metal part of

the high pressure and vacuum system. High pressures, up to

2000 pounds per square inch of argon, are measured by a

Heise stainless steel Bourdon gauge with 5 psi divisions,

calibrated to within 2 psi. The sample pressures (typically

a few torr) are measured with a U-tube manometer with one

monel arm and one glass arm. It is filled with 13-21

Halocarbon oil (specific gravity 1.9).

In filling the cell, one normally takes the sample gas

trapped between the two valves on the lecture bottle and

expands it into the rest of the system. After measuring the

pressure with the oil manometer, the valve to the cell is

closed and the rest of the system is evacuated through a

liquid nitrogen trap in the glass system. (Alternatively,
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after the cell valve is closed most of the remaining sample

gas can be frozen out into the stainless steel trap marked N

in Figure 40, for reuse.) The high pressure argon is first

put into the system up to the cell valve. Then the valve is

opened, causing argon to fill the cell to the desired pressure

on the gauge, without allowing the sample gas to escape.
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Figure 39: A sketch of the window

assembly of the monel sample cell.

A parts list is given in Table 10.

Figure 40: A block diagram of the

high pressure system. A parts list

is given in table 11.
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Table 10: Parts List for Figure 39, Monel Sample Cell

A. 20" by 1/2" schedule 40 monel pipe

B. 1" diameter, 1/4" thick sapphire windows (Adolf Meller)

C. 6-32 3/8" flat head monel screws

D. 1/4-20 1 1/2" hex head steel bolts

E. Teflon 018 O-ring, 3/4" i.d., 1/16" width

F. Teflon 226 O-ring, 2" i.d., 1/8" width
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Table 11: Parts List for Figure 40, High Pressure System

1. M-400-6 Swagelock monel union

2. 400-1-4-316 Swagelock stainless steel 1/4" male

pipe thread connector

3

4

5.

6.

7.

M-400-3 Swagelock monel union tee joint

1vS4-M Whitey monel valve

400-6-316 Swagelock stainless steel union

l1RS4-M Whitey monel regulating valve

Matheson 60L monel valve

lVS4-M4-A-316 Whitey stainless steel angle valve

400-3-316 Swagelock stainless steel union tee joint

10. 1VS4-316 Whitey stainless steel valve

11. 810-6-4-316 Swagelock stainless steel reducing union

12. B-400-1-4 Swagelock brass 1/4" male pipe thread connector
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Table 11: (continued)

A

B.

C.

Heise 8 1/2" Bourdon gawe with 1/4" female pipe thread

fitting

Oil manometer with

tubing

1/4" 0 d. monel ana  Ff op Ht" 0) d glass

Consolidated Electrodynamics GP-140 vacuum gauJe with

GP-001 Pirani tube

D. Monel sample cell

E. Glass to metal seal

EF.

G.

1/4" o.d. by .049" wall monel tubing

1/4" o.d. stainless steel tubing

5/16" o.d. glass tubing

Tygon tubing leading to hood

Glass vacuum manifold and mechanical pump

K. Sample lecture bottle

L. Matheson 4-580 high pressure regulator

M. Argon cylinder

N. Trap, Matheson 6-635-2520 500 ml stainless steel sampling

cylinder with 1/4" female pipe thread fitting
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Appendix C : Integrator Description and Operation

In order to do absorption spectroscopy using a pulsed

laser it is necessary to transform the size of a voltage

pulse on the order of 100 nsec in width into a form whose

amplitude can be measured, in our case by the analog to

digital converter of the PDP-8/L computer. This could be

done by integration using a simple RC circuit. Indeed, this

was originally attempted, but there was found to be a

complication. Just before the laser pulse there occurs a

large pulse of electrical noise, which when integrated

contributes the larger part of the total signal.

In order to reject this noise, a switch is placed in

front on the integrator, here a very fast FET switch which

can be opened just long enough to admit the laser pulse.

This type of switch means that the integration must be done

by an operational amplifier integrator circuit, a block

diagram of which was given in Figure 2. In this circuit,

with its extremely long decay time, integration results in a

nearly constant voltage on the integrating capacitor. This

voltage is read by the computer and then returned to zero by

a second switch across the capacitor.

This appendix describes the operation of the op-amp

integrator, referring to the schematic drawing of the front

and back panels in Fig 41. The detailed integrator circuitry

is shown in Figure 42, the triggering circuitry in Figure 43,

and the physical placement of the components in Figure 44.

17)



A list of the potentiometers and capacitors involved in the

adjustments on the front and back panels is given in Table 12.

The laser power supply produces two types of trigger

pulses, one associated with the discharging of the flashlamp

and one synchronized with the windows in the Q-switch RF.

However, the actual laser pulse occurs at varying times after

the lamp trigger. And the Q-switch is free-running with a

reset before each lamp flash, meaning that there are many

Q-switch windows, only one of which contains the laser pulse.

The problem of positioning the input switch window in

time so that it falls directly on the laser pulse is solved by

using an integrated circuit known as a 74107 JK flip-flop.

Briefly, this is an integrated circuit whose output voltage

will change state upon receiving a certain sequence of pulses.

Here, the lamp trigger pulse from the laser power supply

{connected from Lamp Sync Out on the laser power supply to

the lamp trigger input on the integrator box) gives rise to

a longer voltage pulse referred to as the stretched lamp

pulse. The length of this pulse can be adjusted so that it

drops to zero just before the chosen Q-switch pulse, the one

before that containing the laser pulse. (This lamp trigger

stretch adjustment, monitored by the stretched lamp trigger

output, can be useful in maximizing the stability of the

triggering circuitry, which is touchy and notwell understood.)

At the trailing edge of this pulse the output voltage of the

JK flip-flop (monitored at the Q-switch trigger output on the
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Figure 41: Location of adjustment

potentiometers and BNC connectors on

integrator box panels.

Figure 42: Operational amplifier

integrator and post-amplifier

circuit diagram.

Figure 43: Input and integrator

switch trigger circuit.
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Figure 44: In this drawing, components of

the operational amplifier integrator are

represented by boxes of the appropriate size

and shape rather than by conventional circuit

diagram symbols. In addition, resistors are

denoted by ll}+ and zener diodes by {I}

The notation "Wiper" on one resistor in the

biasing network on the front side of the input

switch indicates that it is attached to the

center post of the bias potentiometer on the

front panel, while the other two resistors are

attached to each side. The two boxes labeled

"Transistor" actually include a number of resistors,

as shown in the circuit diagram Figure 43. Also,

the resistors and capacitors associated with the

trigger integrated circuits are omitted. The

wiring is color coded, with the signal represented

by red (- - = in the drawing) as much as possible.

The logic connections are gray wire, ground is green,

and the +5 V power supply for the logic is blue.

The plus and minus 10 V from the dual power supplies

are purple and black, and the plus and minus 5 V

obtained through the zener network are yellow and

white, respectively
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Figure 45: Bias circuit used for Mullard

RPY77 InSb infrared detector. A somewhat

different circuit was used for the Ge:Au

detectors (nominal resistance 70 KSL at

liquid nitrogen temperature). The detector

and a 100 KR bias resistor are connected

from the two posts of a 22.5 V battery in

parallel to ground. The oscilloscope monitors

the voltage across the bias resistor.

Figure 46: (a) Wiring diagram for power supplies.

{b) Zener diode circuit. The zener

diodes are 5 V, 1N 4733.
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Table 12: Trigger Circuit Potentiometers and Capacitors

rk

Oo

oO

Adjustment Potentiometer

Integrator
Position

5 ®

Integrator
Width

r (
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back of the integrator box) becomes negative. It is returned

to zero by the trailing edge of the Q-switch pulse preceding

that containing the laser. (The connection for Q-switch trigger

pulses is from Q-switch Sync Out on the laser power supply to

the Q-switch input on the integrator box.) Thus the trailing

edge of this pulse is synchronized with the Q-switch pulses,

and therefore with the laser pulse (to within some tens of nsec)

and is used to trigger the position of the input switch window.

The laser pulse and the input switch output can be

superimposed using a dual beam scope and the input window

position adjustment. The width can then be adjusted to

eliminate as much noise as possible without cutting out the

laser pulse. There are similar position and width adjustments

for the integrator switch, but they are less critical, since

it only need be opened before the laser pulse and closed after

the computer has read the voltage.

Before the computer can read the voltage levels, the A/D

converter must receive a positive trigger pulse, which can be

obtained from the trigger output on the front of the box. Its

position can be adjusted so that the A/D reads at some time

while the integrator switch is open. (The reading process can

be seen as a small disturbance on the oscilloscope trace of the

of the integrator output.)

The trigger positioning logic also controls a negative

test voltage pulse which can be used to model the laser pulse.

Its width can be adjusted, as can its height through a voltage

al



divider also located on the back of the box.

When a detector, such as that diagrammed in Figure 45,

or its output through an amplifier is plugged into the input

of either integrator channel, it has an effect on the integrated

voltage level, whether the detector is receiving the laser or

not. There are two adjustments which allow normalization with

the laser blocked. The tilt adjustment can change the voltage

level at the input side of the integrating capacitor so that

with the input switch closed it will not integrate a DC voltage

level and produce a ramp form. The level adjustment is a trim

potentiometer on the integrating operational amplifier. In

normal operation, it is used to set the integrator level with

the laser blocked to several tenths of a volt, (while using the

tilt to produce a horizontal level.) This is done so that small

fluctuations in the level do not carry it negative, where it

cannot be read by the A/D converter.

The power supplies are a Power-Mate MM-5H-OV supplying

a positive 5 volts to the logic board, and a Power-Mate MD-10D

giving plus and minus 10 volts. (These outputs and ground can

be accessed at banana plugs on the back of the box.) The plus

10 volts is cut down to around 7.7 volts using a voltage

divider before powering the FET switch, to prevent leakage of

current into the integrating capacitor. The plus and minus

10 volts are also reduced to plus and minus 5 volts by a zener

diode network, in order to power the bias adjustment on the

integrating operational amplifier. Figure 46 shows the power

10°



supply wiring and the zener diode circuit.
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Appendix D : Computer Programs

In the following pages we reproduce a listing of the

machine language program Ratio Averager which reads the

integrated outputs of the cell and reference detectors

through the analog to digital converter, then ratios and

stores them. We also list modifications which periodically

output the ratio into the digital to analog converter and a

chart recorder, or onto punched tape. The original program

was written and commented by Paul Houston. Here we present

additional remarks on the functions of the various subroutines,

after which we will demonstrate its operation by example. A

flow chart is given in Figure 47.

The subroutine COMP compares two binary numbers. It is

used to see if the integrated voltages are within the upper and

lower acceptable limits. If QB is greater than QS it exits

with 1 in the accumulator, while if QB is less than QS it exits

with zero. CALIB is a subroutine to set up the calibrate mode,

which sets MODE to 1, SLOPEO0 and SLOPEl to 1, and INT1 and

INTO to zero. The initialization subroutine INIT gets and

stores the run number, slopes, intercepts, and minimum and

maximum voltages, then sets MODE equal to zero. INTEG is a

subroutine to convert a floating point number in the floating

point accumulator (FLAC) into a binary number in the AC. It

is used to convert maximum and minimum voltages into numbers

that can be compared with the reading of the A/D converter.

AVRG does the averaging upon receiving an interrupt by the

1G A



Figure 47 : Ratio Averager program

flow chart.
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(Text resumes on page 220.)

JRIGINAL RATI1J AVERAGER TAPE 1

0000 0000

3001 5531

X02 5002

0007 5600

*0000

J

LO2P,

*0007

*0044

J044 0000 FLAC,

045 0000

a6 0000

JMP 1 SSERV

JMp

5600 /PIINTER TZ FPP PKG 3

0

0

0

*(0055

0055 0001

056 7777

J057 0000

7060 0000

0061 0000

0070 0000

0071 0000

072 0000

72073 0200

3074 4000

J075 0240

076 0300

0077 13340

100 2400

J10! 3000

0102 10060

D103 0000

3104 0000

0105 J000

0106 0000

0107 1000

3110 9000

o11t  )J0o0o0

Jl1i2 2000

2113 91000

J114 3000

JI11S D000

J116 1000

J117 0000

7120 3000

J121 0000

jiz22 0000

J123 2000

2124 D000

Ji25 72000

J126 3400

3127 1000

J130 3000

J131 1200

3132 1400

0133 13600

0134 i022

0135 1300

D136 2400

2137 1030

3140 2200

0141 R600

0l42 0000

0143 0000

O0l44 0000

3145 0000

x70

AC.

L,

BIIFF,

TRIN»
TEXT.»

TSLZ220,

TINTO.

TSL2P1Y.,

TINT,

RUN.

SLArO.,

INTO.

SLIAP1.,

INTL,

NPTS,

As

SC@MP.,

SOUT.

SINIT.,

SSERV,

SINPT.,

5AVRG.,

SCRLF.

S5STRT.

SFINI.

STYPE»

SCLEAR.,

SCALIB.,

MINO.,

MIN1.,

MAXO0.,

MAX]»

0001 /F3dR CR AFTER JUTPUT

17717 /FBR LF AFTDR ZJUTPUT
J

)

J

9

200

4000

240

300

340

400

comMr

jut

INIT

SERV

INPT

AVRG

SRLF

STRT

FINI

TYPE

CLEAR

CALIB

0

9
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J146 3200

0147 0000

0150 0000

0151 0440

n152 0600

2153 0640

0154 0700

J155 0740

2156 1000

J157 1040

J160 0000

J161 0000

Jié2 D000

2163 0540

0164 0500

J165 0000

0166 0001

0167 2000

D170 0000

171 0000

n172 0000

2173 0000

2174 0000

J175 3000

0176 9000

0200 7300

D201 6046

0202 5603

D203 1604

SINTEG» INTEG

AB» 0

AS, 0

TMINO, 440

TMIN1, 600

"™MAXO0., 640
rMmaxi. 700
"CHO, 740

"CHL, 1000

TBDPT. 1040
3DPTS., ]

J

540

500

0

3001

2000

J000

Bs

LERD»

\

x 200

CLA CLL /PREGRAM STARTS HERE

TLS /T3 SET PRINTER FLAG

JMP 1 SCF

INPT+204SCF»
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IRIGINAL RATII AVERAGER TAP: 2

1000 0000

loot 7300

1002 7000

1003 1072

1004 3236

005 4222

W006 1636

1007 1241

1010 7450

1tr s5217

012 7300

1013 1636

lula 4230

1s 2236

016 5206

17 7300

1020 7300

fo2t 5600

i922 VLUY

023 1237

W224 4230

025 1240

lu26 4230

1027 5622

i030 0000

1031 6041

i032 5231

1033 6V46

1034 7200

1035 5630

1036 0U00

1037 0215

iv40 0212

1041 7534

1200 3070

1201 7004

i202 3071

1203 6031

1204 7410

1205 48532

1206 6301

1207 74t0

1210 4533

i211 7410

212 7171177

1213 1212

1214 8041

215 7410

216 7402

1217 6021

(1220 7410

1221 7402

222 6011

1223 7410

«JIT

SUT, 3]

CLA CLL

NIP

TaD BUFF

ICA BIFFPT

JMS CRLF

TAD I BUFFPT

TAD MDILAR

SNA

JM +6

GLA CLL

TAD [I BUFFPT

JMS TYPE

[SZ RIJFFRT

JP CHRTY»

SLA CLL

CLA CLL

Jmp I Jur

}

Tan K2L1S

JMS TYPE

ran n2l12

JMS TYPE

JmP I CRLF

i)

TSF

JMP oe =1

TLS

SLA

JMP [I TYRE

BUFFPT, O

£215, 215

£212, 212

YDILARS, T7534

«SERV

SERV, DCA AC

RAL

DCA L

ASF

SKP

JMS I SINPT

SLTF

SKP

JMS I SAVRGU

SKP

1777

TAD K77177

ISF

SKP

HLT

DSF

SKP

HLT

RSF

InP

CHRTY»

CRLF»

TYPE»

KTT77»

/SUUBRITITING TJ ZUTWHT TrXT

/GET A nNnJN=-% CHAR

/TYPE IT

/GET ANJTHER CHAR

HERE IF $%

/ SERVICE SIHHRINTINE

/KEYHIARD?

/NJ

/TES

/TRIGGER

/NJ

/IYES

/A HALT SHAWING 7777

/INDICATES ILLEGAL INTERIPT
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1224 7402

1225 6531

i226 7410

1227 7402

1230 7402

1300 0000

1301 7300

i302 4407

1303 5174

1304 6120

‘305 6123

1306 6171

1307 6160

1310 0000

1311 S700

1400 0000

1401 7300

1402 6046

1403 1074

404 3222

1405 6211

1406 6031

1407 5206

1410 50 36
lat 5046

la12 3622

1413 1622

1414 1221

1415 7450

tale 5223

417 22:22

1420 5206

1421 7563

422 0000

1423 4534

1424 7300

1425 1222
1426 3245

427 1074

1430 3222

1431 3246

1432 1622

1433 1246

1434 3246

1435 1245

1436 7041

1437 2222

1440 1222

441 7450

‘442 5247

1443 7300

444 5232

1445 J000

1446 2000

1447 7300

1450 5201

1451 1246

452 7041

i453 1347

1454 7440

1455 5260

1456 4S30

*STRT

STRT.,

* NPT

INPT,

CRLA

MCR.

TXTPT.,

TKTEND.

CAMND.,

HLT

ADSF

SKP

HLT

HLT

J

cLAa CLL

FENT

FGET LERD

FPUT NPTS

FRUT A

FPUT B

FRPUT BOPTS

FEXT

JMP 1 STRT

0

CLA CLL

TLS

TAD TEXT

JCA TXT®T

CDF +10

{SF

JMP oe =1

KR1B

rLS

DCA I TXTPRT

raD I TXTPT

TAD MCR

SNA

JMP +5

[S4 TXTePT

JMP CRLA

7563

0

JMS 1 SCRLF

cha CLL

TAD TXTPT

DCA TXTEND

TAD TEXT

DCA TXTPT

DCA CJIMND

TAD I TXTPT

TAD CIMND

DCA CIMND

TAD TXTEND

cla

{SZ TXTPT

TAD TXTPT

SNA

JMP «+5

CLA CLL

JMP e=12

J

CLA CLL

CDF +00

TAD CJIMND

CIA

TAD CINIT

SLA

JMP «+3

JMS I SINIT

/R33M FIR ITHER FLAG TESTS BELJW

/SERVICES INTERIIPT BY KEYBJIARD

/T3 SET PRINT FLAG

/READS CHARACTER PRINTS IT

/AND STIAIRES IT

/TEST FJ3R CR

JGUET viARRE

ZINPIIT TERMINATED

/EVALITATING CIMMAND

/GET MJ3RE JF CIMMAND

/EXEC!ITE CIMMAND

/ZINITIALIZE ?
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1457 5760

4 60 7300

1461 1246

14 62 7041

1463 1350

1464 7440

465 5270

466 4530

467 5760

470 7300

471 1246

472 7041

473 1352

1474 7440

1475 5300

1476 4535

1477 5361

1500 7300

1501 L246

1502 7041

1503 1351

1S04 7440

1505 5310

1506 4535

i507 5361

1510 7300

S11 1246

iI512 7041
‘S13 1354

I1S14 1440
‘515 5320

IS16 4536

1517 A760

520 7300

521 1246

1522 7041

‘523 1353

1524 7440

.525 5330

526 4536

1527 5760

1530 7300

i531 1246

1532 1041

1533 1356

1534 7440

1535 5337

‘536 3361

1537 7300

S40 1246

1541 7041

542 1355

S43 7440

544 5346

1545 5361

‘546 5757

1547 3762

550 0311

1551 2573

1562 0301

I553 2361

1554 0317

I555 3145

1556 0303

1557 1600

CINIT.,

cl.

SAVER,

ZA»

S8UT,

2d,

CC3aNT.,

CC»

CPGE»

JMP I SCMT

CLA CLL

TAD C2MND

CIA

TAD Cl

SLA

JMP + +3

JMS I SINIT

JMP I SCMT

CLA CLL

TAD CIMND

CIA

TAD CA

SZA

JMP «+3

JMS I SSTRT

JMP BACK

CLA CLL

TAD CaMnD

cla

TAD CAVER

SZA

JMR .+3

JMS I SSTRT

JMP BACK

CLA CLL

TAD CIMND

Cla

TAD C2

SLA

JMP «+3

JMS I SFINI

JMP 1 SCMT

CLA CLL

TAD CIMnD

CIA

TAD CaiIT

5A

JMP «+3

JMS I SFINI

JMP [I SCMT

CLA CLL

TAD CIMND

JIA

TAD CC

S5ZA

JMP «+2

JMP BACK

CLA CLL

TAD CAIMND

CIA

TAD CCaNT

SZA

JMP +2

JMP BACK

JMP I CPGE

3762

311

2573

301

2361

317

3145

303

1 600

/AVERAGE ?

/IUITPIIT ?

ZJCIANTINIIE 7?

/NJ MIRE CIMMANDS, GET 3N NEXT PAGE

/S1IM AF LETTERS IN INITIALIZE
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1560 1604

1561 7300
1562 6041

IS63 5362

IS64 4540

1565 6001

1566 S002

1600 S215

1601 7300

1602 1211

1603 4537

1604 7300

1605 1212

1606 4537

607 5610

1610 1403

611 0277

'Al2 D272

613 1120

‘614 3407

A15 7300

1616 1636

617 1041

1620 1213

1621 7440
1622 52285

623 4541

‘624 5204

|625 7300

1626 1636

627 7041

1630 1214

631 1440

-632 3235

633 4541

‘634 5204

1635 S201

1636 1446

SCMT,

BACK,»

SCMX

CLA CLL

TSF

JMP oo=1

JMS I SCLEAR

I19nN

JMP L3gP

x INPT+200

JMP BELJ

CLA CLL

TAD CA

JMS I STIPE

CLA CLL

Tan CcC3

JMS I STYPE

JM? I CRD

[NPT+3

277

272

1120

3407

CLA CLL

TAD 1 CMND

Cla

TAD CAL

SZA

JMP «+3

JMS I SCALIB

JMP SCMX

CLA CLL

"AD I CwMnND

SIA

"TAD CCAL

532A

JMP «+3

JMS 1 SCALIS

JM2 SCMX

JM? XT

S3MND

XT,

SCMX»

CRD,

Cs

CC3.,

cal,

CCAL.»

RELI»

CMNDas

/HAVE TJ MAKE SiJRE PRINTER WAS

/BEFJRE WE TRY TJ CLEAR ITS FLAG

/ FI MAE SAMGIAND CS
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JRIGINAL RATIJ AVERAGER TAPE 3

2200 0000

2201 6022

2202 6032

2203 6302

2204 6534

2205 6042

2206 6012

2207 7300

2210 8600

2400 0000

2401 7300

2402 6046

2403 1164

2404 3072

2405 6211

2406 4527

407 6201

2410 4407

2411 5120

2412 0014

2413 0000

2414 7300

2415 1165

2416 7650

2417 5221

2420 5251

2421 1163
2422 3072

2423 6211

2424 4527

2425 6201

2426 4407

2427 5123

2430 4120

2431 7000

2432 0014

2433 0000

2434 7300

2435 1157

2436 3072

2437 6211

2440 4527

2441 6201
2442 4407

2443 5160

2444 7000

445 0014

446 0000

2447 7300

2450 5600

2451 7300
2452 J 155

2453 3072

2454 6211

2455 4527

2456 6201

2957 4407

«CLEAR

CLEAR,

FINI

FINI,

1 1

0

PCF /HSP
KCC /TTY

CLTF /TRIGGER

ADRB /AD CINV

TCF /TTY

RB /HSR

CLA CLL

JMP I CLEAR

0

CLA CLL

TLS

TAD TPTS

DCA BUFF

CDF +10

JMS I S2UT

COF +00

TENT

FGET NPTS

3UITPUT

TEXT

CLA CLL

TAD MJZDE

SNA CLA

JMP «+2

JMP X11

TaD TAV

DCA BIIFF

CDF +10

JMS 1 SUT

CDF +00

FENT

"GET A

FOIV NPTS

NIR

3TPUT

FEXT

CLA CLL

TAD TBDPT

DCA BIJFF

CDF +10

JMS 1 S3UT

CDF +00

FENT

FGET BDPTS

FN3R

JUTPUT

TEXT

CLA CLL

JMP I FINI

SLA CLL

TAD TCHO

DCA BUFF

CDF +10

JMS 1 S3uUT

CDF +00

TENT

/SUBRIUTINE TJ JNITPIIT ANSWERS

/T3d SET PRINTER FLAG

/CHECK F3R MIDE

/CALIBRATE?

/NG

/’YES

/DINE

/HERE IF CALIBRATE MIDE
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2460 5123

2461 4120

2462 7000

2463 0014

2464 0000

2465 7300

2466 1156

2467 3072

2470 6211

2471 4527

2472 6201

2473 4407

2474 5171

2475 4120

2476 7000

2477 0014

2500 0000

2501 7300

2502 5600

FGET A

FDIV NPTS

FN@R

JUTPUT

FEXT

CLA CLL

TAD TCH!

DCA BUFF

CDF +10

JMS 1 S3uUT

CDF +00

FENT

FGET B

FDIV NPTS

FNIR

JUTPUT

FEXT

CLA CLL

JMP 1 FINI /08INI +
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JIRIGINAL RATIZ3 AVERAGER TAPE 4

2600

2601

2602

2603

2604

2605

260 6

2607

2610

2611

2612

2613

2614

0000

7300

7001

3165

4407

5166

6104

612

3174

6107

5115

0000

3600

3000 0000

3001 7300
002 6046

3003 1073

3004 3072

0S 6211

3006 4527

007 5201

VI0 4407

011 Jo13

012 7000

PV1I3 56101

Ni4 3000

015 7300

nie 1075

017 3072

V20 5211

021 4527

022 5201

023 4407

P24 0013

025 7000

026 5104

027 02000

030 7300

031 1076

32 3072

033 »hr211

N34 4527

035 5201

V36 4407

037 0013

040 7000
Vat 5107

042 0DOOO
043 7300

44 1077

045 3072

N46 s211

047 4527

050 6201

051 4407

352 0013

*CALIR

CALI Bs

«INIT

INIT.

0 /HANDLES CALIBRATE C2MMAND

CLA CLL

[AC

DCA MIDE /SET MZDE=1 INDICATING CALIBRATE MIDE

FENT

FGET INE

FRUT SLaPO

FPUT SLJPI

FGET ZERDZ

FPUT INTO

FRPRUT INTI

TEXT

JMP I CALIB

J

CLA CLL

TLS

TAD TRIN

JCA BUFF

SDF +10

JMS I SJuT

CDF +00

TENT

[INPUT

FNDR

FRPUT RIIN

YEXT

CLA CLL

TAD TSLJ3PO

JCA RUFF

CDF +10

JMS 1 S3UT

CDF +00

FENT

INPUT

FNJIR

PUT SL2ZPO

FEXT

CLA CLL

TAD TINTO

DCA BIJFF

CDF +10

JMS I SJuUT

CDF +00

FENT

INPUT

TNZR

FPUT INTO

TEXT

CLA CLL

TAD TSLJPI

DCA BUFF

CDF +10

JMS 1 SUT

CDF +00

FENT

INPUT

/INITIALIZATI3nN SUBRIUTINE

/T3d GET RUN NUMBER SLJIPES

/AND INTERCEPTS

/TLS SETS TTY FLAG

/TEXT IS IN YJPPER 4K

ZJASK FJR RIN NIIMBER

/GET RIJN Nit AND STIRE

GET 3LIPO

/GET INTO

/GET SL3PI

205



053 7000

054 6112

055 0000

VS56 7300

3057 1100

360 3072

061 5211

62 4527

V63 6201

V64 4407

065 0013

066 7000

067 5115

070 0000

V71 7300

072 1151

073 3072

74 6211

0T5 4527

076 6201

077 4407

3100 0013

3101 7000

3102 3364

3103 4367

3104 7000

3106 0000

3106 4546

3107 3142

3110 1153

3111 3072

3112 6211

3113 4527

3114 6201

3115 4407

3116 0013

3117 7000

3120 3364

3121 4367

3122 7000

3123 0000

3124 4546

3125 3144

3126 1152

3127 3072

3130 6211

3131 4527

3132 6201

3133 4407

3134 0013

3135 7000

3136 13364

3137 4367

3140 7000

3141 0000

3142 4546

3143 3143

3t44 1154

3145 13072

3146 6211

3147 4527

3150 6201

3151 4407

FN@R

FPUT SL2P1

FEXT

CLA CLL

TAD TINTI

DCA BUFF

SDF +10

JMS I S@UT

CDF +00

FENT

INPUT

FN2R

FPUT INT1

FEXT

CLa CLL

TAD TMINO

DCA BUFF

CDF +10

JMS I SUT

CDF +00

FENT

INPUT

FNGR

FMPY F409S

FDIV FTEN

FNOR

FEXT

JMS I SINTEG

DCA MINO

TAD TMAXO

DCA BUFF

GDF +10

JMS 1 S3UT

CDF +00

FENT

[INPUT

FNGR

FMPY F4098

FDIV FTEN

™NIR

SEXT

JMS 1 SINTEG

DCA MAXO

TAD TMINI

DCA BUFF

CDF +10

JMS 1 Sa3uT

CDF +00

FENT

INPUT

FNGR

FMPY F4095

FDIV FTEN

FN2R

FEXT

JMS 1 SINTEG

JCA MINI

TAD TMAXI

DCA BIIFF

CDF +10

JMS I S2UT

CDF +00

FENT

/GET INT]I

/CET MINS AND MAXS
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3152 0013

3153 7000

3154 3364

3155 4367

3156 7000

3157 0000

3160 4546

3161 3145

3162 3165

3163 5600

3164 0012

3165 3777

3166 4000

3167 0004

3170 2400

3171 0000

3200 0000

3201 7300

3202 1044

¥03 7510

3204 5242

3205 7300

3206 1046

3207 0244

3210 7450

R211 5213

212 7020

3213 1045

214 7004

3215 7100

16 3246

X17 1044

3220 1250

221 7540

22 5237

3223 7500

24 5234

3225 3247

26 1246

27 7100

3230 7010

231 2247

232 5227

333 5600

234 7300

3235 1246

3236 5600

3237 7300

R40 1245

3241 5600

3242 7300

3243 5600

3244 4000

45 T7777

3246 0000

3247 0000

P50 T7666

3400 0000

401 7300

3402 1147

3403 17700

3404 5210

0S 7240

F4095.,

FTEN.,

*INTEG

INTEG,

XX»

XY»

NEGs

K4000.,

£1777,

INT.»

SHFT.,

112,

kCIMP

CaIMP,

INPUT

FNB3R

FMPY F4095

FDIV FTEN

FNGR

FEXT

JMS I SINTEG

DCA MAX]

DCA M3DE /FJR REGULAR M3DE

JMP I INIT /DINE

Joiz2

3777

4000

2004

2400

D000

0

CLA CLL

TAD FLAC

SPA

JMP NEG

SLA CLL

TAD FLAC+2

AND K4000

SNA

JMP «+2

CML

TAD FLAC+1

IAL

SLL

DCA INT

TAD FLAC

TAD M12

SMA SZA

JMP XY

SMA

JMP XX

DCA SHFT

TAD INT

CLL

RAR

I1SZ SHFT

JMP e~3

JMP I INTEG

CLA CLL

TAD INT

JMP I INTEG

CLA CLL

TAD K7777

JMP I INTEG

DLA CLL

JMP 1 INTEG

8000

T1777

3

0

7766

/C3NVERTS NUMBER IN FLAC TJ

/AN INTEGER IN THE AC

/THE FL PT EXPONENT IS NEG

/GET LEFT BIT

/LARGER THAN 2%%12

/ -

0 .

cLAa CLL

TAD QB

SMA CLA

JMP «+4

CLA CMA

/DIES ABSILITE CIM2PARI SIN,

JIE: 4000&gt;»&gt;3777

ZQA8 1S MINIS
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3671

3672

3673

3674

3675

3676

677

3700

3701

3702

3703

3704

3705

3706

3707

3710

3711

3712

3713

3714

3715

3716

3717

3720

3721

3722

3723

3724

3725

3726

3727

3730

3731

3732

3733

3734

3735

3736

3737

3740

3741

3742

3743

3744

3745

3746

3747

7012

3045

3046

1342

3044

4407

7000

3335

3104

1107

7000

5327

D000

300

1343

1012

3045

3046

1342

044

4407

7000

31335

3112

i115

7000

5332

D000

7300

3747

2000

2000

2000

J0QO0

2000
2000
1772

2401

2005

1772

2401

0013

D000

0000

2001

4042

4000

4000 7300

4001 1165
4002 7650

4003 5205

4004 5222

4005 1300
4006 3407

4007 3120

4010 1166
4011 7000

4012 6120

4013 5652

4014 4653

015 1123

4016 7000

017 6123

4020 0000

4021 5242

RTR

DCA 45

DCA 46

TaD C13

DCA 44

TENT

FNIR

FMPY T3VILTS

FMPY SL3P0O

“ADD INTO

FNZR

FRIIT CHANO

FEXT

CLA CLL

TAD STwRI1

TR

JCA 45

CA 46

TAD C13

DCA 44

FENT

FNGPR

FeiPY TIYVYILTS

TvRyY SL3P1

FADD INT

TNR

FI2UJT CHaAaw

FERT

La CLL

Jer I KT

%CHANO»

CHANT »

J

TIVLLTS, 7772

2401

2005

7772

2401

C13, N013

STR1, 0

STRO 2 }

£0001, 2001

J0T, rT

LY » XZ

*AVARG+200

XZ » CLA CLL

TAD MIDE

SNA CLA

JMP RAT

JMP CBRAT

CLA CLL

FENT

FGET WNPTS

FADD JNE

FNJR

FRPUT NPTS
FGET I CHO

FDIV 1 CHI

FADD A

FNJR

FPUT A

FEXT

JMP JIT

/THIS CHANGES DIGITAL

ZINFIRMATION To ACTINLL

/AUILTSe SAME AS ARISUE

/IT ALSI MULTIPLIES AY

SLOPE AnD ADDS INT.

/CHECK “1JDR

/NIRMAL MZ2Drs GET RTI
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3406 3244

3407 5212

3410 7201
3411 3244
3412 1150
13 7700

Ul4 5226

M15 1244

16 17700

3417 5242

M20 1150

21 7041

u22 1147

23 7700

M24 5240

25 5242

426 1244

3427 7700

30 5232

3431 5240
32 1150

433 7041

3434 1147
3435 7700

U36 5240

3437 3242
3440 7201
441 3600

42 7300

3443 5600

3444 0000

YES,

NJ»

SR,

DCA SB

JMP «+3

CLA IAC

DCA SB

TAD QS

SMA CLA

JMP «+12

TAD SB /AQS IS MINIS

SMA CLA

JMP NJ

TAD QS

Cla

TAD QB

SMa CLa

JM? YES

JMP NJ

TAD S8

SMA CLA

JMP +2

JMP YES

TAD QS

Cla

TAD OR

Stia CLa

JtiP YES

JMP NJ

La IAC

JMP 1 COuvir

CLa CLL

JMP I C3IMP

nN

/38 IS PdS IR ZERD

/QS 1S PLIJS JR LZERJ

/QR&gt;NS AC=1

/ARBKAS AC=0
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ZRIGINAL RATIJ AVERAGER TAPE 5

3600 0000

3601 7300

3602 6542

3603 7300

3604 6531

3605 5204

3606 5534

3607 3344

3610 1345

3611 5542

3612 7300

3613 5531

B14 5213

3615 5534

3616 3343

3617 1165

3620 7650

3621 5223

3622 5267
3623 1344

3624 3150

3625 144

3626 3147

3627 4526

3630 7650

3631 $5260

3632 1344

3633 3147

634 1142

3635 3150

3636 4526

3637 7650

3640 5260

3641 1343

3642 3150

3643 1145

644 3147

3645 4526

3646 7650

3647 5260

3650 1343

3651 3147

3652 1143

1653 3150

3654 4526

3655 7650

3656 5260

3657 5267

3660 7300

3661 4407

3662 5160

3663 1166

3664 5160

3665 0000

3666 5746

3667 7300

3670 1344

*AVRG

AVRG,

BAD.»

CON,

0

CLA CLL

ADSC

SLA CLL

ADSF

JMP e=]

ADRB

JCA STRO

TAD KOO!

aDSC

CLA CLL

ADSF

JMP oe -1

ADRA

DCA STRI

raD MIDE

SNA CLA

JMP «+2

JMP C3N

TAD STRO

DCA RS

TAD MAXO

DCA QB

JMS I SComP

SNA CLA

JMP BAD

TAD STRO

DCA AB

TAD MINO

DCA QS

JMS I SCIMP

SNA CLA

JMP BAD

TAD STR

DCA QS

TAD MAXI

DCA QB

JMS I SC3mP

SNA CLA

JMP BaD

TAD STRI

DCA GB

TAD MIN!

DCA QS

JMS 1 SCIMP

SNA CLA

JMP BAD

JMP CON

CLA CLL

FENT

TGET BDPTS

FADD 2NE

FPUT BDPTS

FEXT

JMP I 23T

CLA CLL

TAD STRO

/JHERE IN 29.3 MICRISEC

/SELECT CHANNEL 0

/AND CINVERT

/SKIP WHEN DINE

/READ INTJ AC

/SELECT CHANNEL i

/UVILTAGES ARE STIRRED

/CHECK MODE

CALIBRATE?

/YRS

/IN3

/CHANO &lt;MAXD?

/NJ

JYESs CHANO&gt;mMINO?

IND

/YESS CHANI1I&lt;pMAXL?

/N2

/JYRSS CHANt&gt;MIN1?

/ND

/JHERE 1F N3T ON LINEAR REGIIN

/3F VOLTAGE CURVE

/INCREMENT BDPTS
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3671 7012

3672 3045

3673 3046

3674 1342

3675 3044

3676 4407

3677 7000

3700 3335

3701 3104

3702 1107

3703 7000

3704 6327

3705 0000

3706 7300

3707 1343

3710 7012

3711 3045

3712 3046

3713 1342

3714 3044

3715 4407

3716 7000

3717 3335

3720 3112

3721 1115

3722 7000

3723 6332

3724 0000

3725 7300

3726 5747

3727 0000

3730 2000

3731 0000

37732 0000

3733 0000

3734 0000

3735 7772

3736 2401

3737 2005

3740 7772

3741 2401

3742 0013

3743 0000
3744 0000

3745 0001

3746 4042

Ma? 4000

4000 7300

4001 1165
4002 7650

4003 5205

4004 5222

4005 7300

006 4407

4007 5120

4010 1166

4011 7000
012 5120

4013 5652

014 4653

4015 1123

016 7000

WI17 6123

4020 0000

4021 5242

RTR

DCA 45

DCA 46

TAD C13

OCA 44

FENT

FNGR

FMPY TJV3LTS

FMPY SL3PO

FADD INTO

FNOR

FPUT CHANO
FEXT

CLA CLL

TAD STRI

TR

DCA 45

JCA 46

TAD C13

JCA 44

FENT

FNOR

FMPY THUILTS

TMPY SLIP1

FADD INTI

FNIR

FPUT CHAN]

FEXT

CLA CLL

up 1 XY

CHANO »

CHAN» iad

J

T3VEGLTS, T7772
2401

2005

77172

2401

C13, 0013

5TR1, J)

3TRO., )

X0001., JO01

J8To, alt
XY» XZ

kAVRG+200

XZ» CLA CLL

TAD MZDE

SNA CLA

JMP RAT

JMP CBRAT

CLA CLL

FENT

FGET NPTS

FADD INE

FNGR

FPUT NPTS

FGET 1 CHO

FDIV 1 CHI

FADD A

FNJR

FPUT A

FEXT

JMP JIT

/THIS CHANGES DIGITAL

/INFIRMATIIN TI ACTUAL

/V3LTSe SAME AS ABJIVE

/IT ALSI MULTIPLIES BY

/SLIPE AND ADDS INT.

/CHECK i1dDE

/NDGRMAL MZDE3 GET RATIZ
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4022

2023

4024

4025

4026

4027

4030

031

032

4033

034

40 35
0V36

4037

040

2041

W042

043

W444

4045

4046

4047

050

4051

052

4053

HS4

7300 CBRAT,

4407

5120

1166

7000

6120

5652

1123

7000

6123

5653

1171

7000

6171

7000

3242

7300

5551

1254

5551

7300

3302

3001

5002

3727

3732

4000

CLA CLL

FENT

FGET NPTS

FADD @NE

FN@R

FPUT NPTS

FGET I CHO

FADD A

FNZR

FPUT A

FGET I CHI

¥ADD B

FNIR

YPUT B

TEXT

JMP GIT

CLA CLL

6551

TAD K4000

6551

SLA CLL

SLTF

{IN

IMP La3p

CHANO

CHAN1
4000

/CALIBRATE MJDE

/3UTPIIT +5 VILTS TZ CHANI

/JUTPUT 0 VQLTS

/NEED 2JNLY CLEAR FLAG CAUSING INTRDT
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ZRIGINAL RATIJ AVERAGER TAPE 6

FI ELD=

O00

0200 0322

J201 0325

J202 0316

J203 0240

D204 0316

0205 0325

J206 0315

0207 0302

0210 0305

0211 0322

Jz2l12 0272

0213 0244

322

325

316

240

316

325

315

302

305

322

272

244

/R

/7U

/N

/

/N

/1

/’M

/B

/’F

/R

/%

/%

x240

0240 0323

1241 0314

J242 0317

)243 0320

)244 0305

245 0260

246 D272

247 244

323

314

317

320

305

260

272

DA

/&lt;

JL

/0

/1

Van

/.

/

7c

£300

0300 03tt

J301 0316

0302 0324

2303 0305

J304 0322

J305 0303

J306 0305

0307 0320

3310 0324

J3l11 0260

0312 0272

3313 D244

311

316

324

305

322

303

305

320

324

260

272

24 4

/1

/N

/T

/7

/R

/-

/

/P

/T

’)

/t

7%

 *x 340

J340 0323

J341 0314

J342 0317

343 0320

344 0305

J345 0261

J346 0272

347 J244

323

314

317

320

305

261

272

DNL

/5

a

’3

SP

/

/

/.

7%

x400

0400 0311

N401 0316

0402 02324

0403 0305

0404 0322

0405 0303

0406 0305

0407 0320

0410 0324

0411 0261

0412 0272

0413 0244

311

316

324

305

322

303

305

320

324

261

272

44

/1

MY)

’

;

/

/

SE

/Y

/

/

/s

7%
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x S500

0500 0316

D501 0325

2502 0315

0503 0302

D504 0305

0505 0322

3506 0240

3507 0317

JS1I0 0306

0511 0240

D512 0320

513 0317

J514 0311

0515 0316

516 0324

JS17 0323

J520 0275

521 0244

316

325

315

302

305

322

240

317

306

240

320

317

311

316

324

323

275

&gt; /L ZL

/N

7U

/M

/B

/E

/1

/3

/F

£7

sa

/N

/T

/c

[=

IR

 kk S540

0540 0301

3541 0326

542 0305

543 0322

0544 0301

0545 0307

1546 0305

547 0240

J550 0322

0551 0301

J552 0324

J553 0311

554 0317

0555 0275

NSS6K (1244

301

326

305

322

301

307

305

240

322

301

324

311

317

275

SH

/A

VAY)

/5

/R

la

/ uy
/E

a Ei

/

71

/s

/d

/=

/%

 x £3 2410)

J440 0803

41 0310

2442 0301

443 0316

444 0316

445 0305

446 0314

447 0240

3450 0260

M451 0240

3452 0315

3453 0311

MS4 0316

D455 0272

DASE 0244

303

310

301

316

316

305

3t4

240

260

240

315

311

316

272

Ad

/C

/H

/A

/N

/N

/E

/L

7

70

’™

/1

/N

/

/7¢

 200)

0600 0303

D601 0310

2602 0301

3603 0316

0604 0316

D605 0305

D606 2314

J607 0240

0610 J261

J611 D0240

0612 0315

3613 J311

d614 0316

A618 0272

303

310

301

316

316

305

314

140

261

240

315

311

316

2792

7C

/k

7a

/N

/N

/E

LL.

7

71

/M

/1

/N

72
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0616 0244

0640 0303

0641 0310

0642 0301

0643 0316

0644 0316

7645 0305

646 0314

J647 0240

1650 0260

0651 0240

J6s52 0315

J653 0301

J654 0330

J655 0272

1656 0244

* 640

244

303

310

301

316

316

305

314

240

260

240

315

301

330

272

Dh

’$

/GC

/H

’a

PN

7d

/E

/L

”

0

»

A

7,

/

7S

w 700

0700

0701

0702

0703

0704

0705

3706

0707

3710

0711

0712

0713

0714

0715

N716

0303

0310

0301

0316

0316

0305

J314

3240

J2sl

J240

9315

2301

0330

Jara

Q44

303

310

301

316

316

305

314

240

261

240

315

301

330

272

2024

/C

a

x

, J

/ 1

/L

rd

r

/*

“y

4

7s

ya"

£7400

D740 0301

J741 0326

J742 0305

J743 D322

J744 0301

)745 0307

2746 1305

D747 J240

0750 0317

J751 2306

J752 0240

7753 0303

D754 0310

0755 0301

J756 0316

2757 0316

760 0305

0761 0314

J762 0240

J763 0260

2764 0240

0765 0275

D766 0O244

301

326

305

322

301

307

305

240

317

306

240

303

310

301

316

316

305

314

240

260

240

275

244

/A

/\i

I.

A

/G

/R

2

/F

rn

A

ny

/N

/7

/L

/

10

/ =

Va3

1000

i000 0301

1001 0326

1002 0305

i003 0322

1004 0301

1005S 0307

1006 0305

1007 0240

~N

SL
-

a

301

326

308

322

301

307

305

240

/A

/V

/E

/F,

/A

7G

/E

/



1010 0317

i011 0306

i012 0240

1013 0303

i014 0310

1015 0301

1016 2316

1017 0316

1020 0305

1021 0314

1022 0240

1023 0261

1024 0240

1025 0275

1026 Q244

317

306

240

303

310

301

316

316

305

3i4

240

261

240

275

204

/0

/F

/

/7C

7H

/A

/N

/N

/E

/L

/

/1

/=

/R

1040

1040 0316

1041 0325

i042 0315

043 0302

i044 0305

1045 0322

i046 D240

1047 D317

(050 0306

1051 2240

i052 0302

053 0301

1054 0304

1055 0240

i056 D320

i057 0317

i060 0311

i061 0316

i062 0324

1063 0323

1064 0275

1065 0244

316

3295

315

302

305

322

240 4

317 /3

306 /F

240 /

302 /B

301 /a

304 /D

240 ’

320 /P

317 72

311 Z

316 /N

324 /7T

323 /5

275 /=

DHL 7/75
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SATII2AVERAGER WITH CHART TAPE S

3600 0000

360 1 7300
3602 6542

3603 7300

3604 6531

3605 5204

V6 6534

3607 3344

3610 1345

61d 65542

612 7300

613 6531

3614 5213

J6l5 6534

3616 3343

3617 1165

3620 7650

3621 5223

3622 5267

3623 1344

3624 3150

3625 1laa

3626 3147

3627 4526

3630 7650

3631 5260

3632 1344

3633 3t47

3634 1142

3635 3150

3636 4526

637 7650

640 5260

1641 1343

3642 3150

3643 1145

3644 3147

3645 4526

3646 7650

3647 3260

3650 1343

1651 3147

3652 1143

3653 3150

3654 4526

3655 7650

3656 5260

3657 5267

3660 7300

3661 4407

i662 5te6v

1663 1166

3664 6160

3665 OOO

J666 5746

3667 7300

3670 1344

671 7012

3672 304%

*AVRG

ARG»

BAD

CIN»

0

cLa CLL

ADSC

CLA CLL

apSF

JMP =]

ADRS

JCA STRO

TAD KOO)

ASC

CLA CLL

APSF

JMP oe =1

APRA

JCA STRI

TAD MIDE

SA CLA

JMP +2

JMR CIN

Tap STR)

DCA AS

TAD MAX)

DCA ARB

JMS I SCIm»

SNA CLA

JMR BAD

TAD STRU

NCA A8

FAD MIND

DCA NS

JMS [I SCImP

SNA CLA

JMP BAD

TAD STR

DCA AS

TAD MAX]

DCA IB

JMS I SCaIMP

SNA CLA

JMP BAD

ra) STR

DACA AH

TAD ™MINt

DCA AS

JMS I SCImMP

SNA CLA

JMP BAD

JMP CIN

CLA CLL

FENT

FGET BDMTS

FADD JNE

FPUT BDPTS

FEXT

JMP I 33T

CLA CLL

TAD STRO

RTR

DCA 45

/JHERE IN 29.3 MICRISEC

/SELECT CHANNEL ©

/AND CJINVERT

/SKID WHEN DINE

/READ INTJ aC

/SELECT CHANNEL

/YILTAGES ARE STIRRED

/CHECK ™MINE

/CALIBRATE?

/TES

/ND

rCHAND &lt;MAXI) ?

/ NJ

/ CRS CHANO&gt;MMLI NO?

/NJ

/YES; CHANl&lt;MaAaX 1?

/NJD

/YRS3 CHANI&gt;MINT?

/ ND

/JHERE IF NIT IN LINEAR REGIIN

/2F VUILTAGE CHRUE

ZINCREMENT HNPTS
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3673 3046

3674 1342

$75 3044

3676 4407

3677 7000

3700 3335

3701 3104

3702 1107

3703 7000

3704 6327

3705 0000

3706 7300

3707 1343

3710 7012

3711 3045

3712 3046

3713 1342

3714 3044

3715 4407

3706 7000

3717 3335

3720 3112

3721 111s

3722 7000

3723 5332

3724 0000

3725 7300

3726 3747

3727 JUV

3730 0OuO

3731 v0

3732 1000

3733 0000

3734 JOO

3735 7772

3736 2401

3737 2005

3740 71772
3741 2401

3742 2013

3743 0000

3744 000

3745 7001

3746 4063

3747 4000

4000

4001

4002

4003

4004

4005

4006
4007

4010

wil

12

013

2014

4015

416

W017

4020

4021

422

a23

7300

1165

7650

3205

5243

7300

4407

5120

1166

000

5120

5672

1673

1123

000

5123

2000

2274

5263

 ua4a0 7

DCA 46

TAD C13

DCA 44

FENT

FNJR

FMBRY TJIUVILTS

FMPY SLJPO

FADD INTO

FNJR

FPIIT CHANO

FEXT

SLA CLL

TAD STRI

RTR

DCA 45

DCA 46

TAD C13

DCA 44

FENT

FIR

FMPY TAVILTS

FRY Sud

FADD INT!

FNIR

FRHT CHA

FEXT

La CLL

iM» I XY

CHANU »

CAANL»

J

T3VILTSL,T7772

2401

2005

1772

2401

cl13, nota
STR1., 0

STR, 2)

£0001» LOI

A3T, JIT

Ys XZ

xAURG+200

XL» CLA CLL

TAD MIDE

SNA CLA

JMP RAT

JMP CBRAT

CLA CLL

FENT

FGET NPTS

FADD JNE

FNOR :

“PIT NPTS

FGET I CHO

FDIV I CHI

FADD A

FNJR

FPUT A

FEXT

[SZ NBPTS

JMP ZIT

FENT

/THIS CHANGES DIGITAL

/INFIRMATIAN TJ ACTUAL

/VILTS. SAME AS ARJIVE

/IT ALSS MIILTIPLIRS RY

/SLIPE AND ADDS INTe.

/CHECK ™MINE

/NIRMAL MIDE; GET RATIJ
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4024 5123

4025 3267
4026 0000

4027 4546

4030 1276

8031 6551

40 32 7300

4033 1275
434 3274

4035 4407

9036 5174

9037 6123

4040 6120
4041 0000

042 5263

4043 7300
044 4407

045 53120

Wae6 1166

4047 7000

4050 6120

4051 S672

4052 1123
4053 7000

4054 6123

40595 5673
ws 6 1171

W577 7000
W600 6171

4061 0000

8062 5263

4063 7300

40 64 5302

40 65 5001

066 3002

40 67 JU03

W770 2000
4071 2000

72 3727

073 3732

40 74 7720

40 75 7720
476 4000

CrRAT.,

A31T,

FK40 »

CHO,

CH,

NBPTS,

NCPTS,

K4000»

FGET A

FMPY FK40

FEXT

JMS I SINTEG

TAD K4000

65551

CLA CLL

TAD NCPTS

DCA NRPTS

FENT

FGET LZERJ

FPUT A

FRUT NPTS

FEXT

JMP JIT

CLA CLL

FENT

GET NPTS

FADD INE

FNZR

FRIIT NPTS

FGET I CHO

FADD A

FNJR

FPIJT A

FGET I CHI

Fapp B

FNJR

“PUT A

TEXT

Jip JIT

cLA CLL

CLTF

{IN

JMP LAIR

Noa

2000

D000

CHANOD

SHAN

7720

7720

4000

/CALIRBRATE MJDE
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trigger flag. First it converts channels 0 and 1 to digital

values. If in calibrate mode it adds CHANO to A, CHANl to B,

and 1 to NPTS. If in normal mode, it checks that voltages

read are within the specified region, and if so adds CHANO/CHAN1

to A and 1 to NPTS. If not it simply adds 1 to BDPTS. In any

case, it then clears the trigger flag and turns the interrupt

facility on, and jumps back into the waiting loop, line 0002.

The subroutine STRT gets ready for averaging by setting

NPTS, A, B, and BDPTS equal to zero. CLEAR clears all flags,

FINI outputs information, and INPT interprets and directs

commands. SERV services an interrupt and determines where an

interrupt came from. TYPE types a character, CRLF types a

carriage return and a line feed, and OUT outputs text starting

at the location given in BUFF and ending when a $ is encountered.

We now discuss the operation of the Ratio Averager programs

with the help of the flow chart in Figure 47 and the sample

dialog in Figure 48. To begin, one normally types CAL and then

A, to read the voltage levels on channels 0 and 1. These are

adjusted on the integrator while the laser is running but

blocked from the detectors, commonly to around 0.4 volts so that

fluctuations in the integrator level do not carry it negative.

Then during the initialization step the negative of these levels

are input as the intercepts for each channel. The minimum

voltages are chosen around 0.15 volt larger, again so that

fluctuations in the integrator levels do not cause a value which

is actually zero to be read.

292 )

The slope values can be used to



Figure 48: Sample Ratio Averager

initializing dialog. Since the laser

was fluctuating when the example was

taken, the average ratio calculated

from the voltage levels taken after

returning to CAL mode is .66 as compared

with .64 taken during ratio averaging,

when pulses below the minimum level

were being rejected.
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CAL

yA

WIMBER JF POINTS=+0.1635000E+04

AQUERAGE JF CHANNEL 0 =+0.6334226E+00

AJERAGE JF CHANNEL 1 =+04445503£+00

RIN NUMBERS

SLEPEO: 1.

INTERCEPTO: =e 63

SLAPELl:1 .

INTERCEPT] t=edd)

CHANNEL 0 MIN: «78

CHANNEL 0 MAX:9.

CHANNEL 1 MIN: «59

CHANNEL 1 MAX:9.

ARDS PLUT MAX$H.e

 AN

2

WIMBER JF PIINTS=+0.4800000E+03

AVERAGE RATIZS+063965175+00

MIJMBER ZF BAD PIINTS=+02000000E+01

sCAL

iA

3

NJVMBRER JF PIINTS=+0.6558999E +03

AVERAGE JF CHANNEL 0 =+04304935E+01

AVERAGE JF CHANNEL 1 =+0.6009995E+01

Figure 48
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compensate for differences in amplification, but they are

normally set to 1. The maximum voltage levels are set 1 or 2

volts below 10 volts, which is the limit of the A/D converter

and also the point where the integrator amplifiers saturate.

In the original program, typing O causes the average

ratio, the number of points contributing, and the number of

points outside the voltage limits to be typed out. In the

chart modification, the average of every 48 points (a number

specified by the NBPTS counter) is output though channel 1

of the D/A converter through the command 6551. The amplitude

scale of the shart trace is set by the variable FK40, usually

adjusted by changing line 4070 (or 4104 in the modification

with the punch) using the switch register.

To operate the Ratio Averager modification which period-

ically outputs the ratio through the high speed punch as well

as onto a chart recorder is more difficult, because changes

must be made in the floating point package so that output is

punched rather than typed. (All versions of the Ratio Averager

program contain the Floating Point Package 3, which is not

listed here but in its own DEC manual.) Here the problem of

changing over to the punch is handled rather inelegantly, as

follows. The original program is loaded and initialized using

the teletype. Then the computer is stopped, the punch is turned

on, and the modified tape 5 is loaded. The modification to

punched output is made by changing line 7345 to 6021 and line

7347 to 6026. Also, to speed up output only three significant
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(Text continues on page 227)
RATIJ AVERAGER WITH PUNCH TAPE 5

3600 0000

3601 7300

3602 6542

3603 7300

3604 6531

3605 5204

3606 6534

3607 3344

3610 1345

611 6542

3612 7300

3613 6531

3614 5213

3615 5534

616 3343

B17 1165

3620 7650

3621 5223

3622 5267

3623 1344

3624 3150

3625 1144

3626 3147

3627 4526

3630 7650

3631 5260

3632 1344

3633 3147

3634 1142

3635 3150

3636 4576

3637 7650

3640 5260

3641 1343
3642 3150

3643 1145

3644 3147

3645 4526

3646 7650

3647 5260

3650 1343

3651 3147
3652 1143

3653 3150

3654 4526

3655 7650

3656 5260

3657 5267

3660 7300

3661 4407

3662 5160

3663 1156

3664 5160

3665 NOOO

3666 5746

3667 7300

3670 1344

3671 7012

3672 3045

*AVRG

AVRGSS

BAD,

SIN

0

CLA CLL

ADSC

CLA CLL

ADSF

JMP e-=1|

aDRB

DCA STRO

TAD K0OO001

apSC

CLA CLL

ADSF

JMP o=1

ADRB

DCA STKI

TAD MIDE

SNA CLA

JMP +2

JMP CIN

TAD STRO

DCA QS

TAD MAXO

DCA QB

JMS I SCImP

SNA CLA

JMP BAD

TAD STRO

NCA AB

TAD MI nO

JCA AS

JMS I SCIMP

SNA CLA

JMP BAD

TAD STRI

DCA AS

rap MAXl

DCA AR

JMS I SCamP

SNA CLA

JMP BAD

rap STRI

DCA QR

TAD MINI

DCA AS

JMS I SC2mMP

SNA CLA

JMP BAD

JMP C3N

CLA CLL

FENT

FGET HBDPTS

FADD J3NE

FPUT RDPTS
FEXT

JMP 1 22T

CLA CLL

TAD STRO

TR

DCA 45

/JHERE IN 29.3 MICRJSEC

/SELECT CHANNEL 0

/AND CINVERT

/SKIP WHEN DINE

/READ INTJ AC

/SELECT CHANNEL

/VUVZLTAGES ARE STJIRED

/CHECK MJ3NE

/CALIBRATE?

/YES

/ND

/CHANO&lt;MAX]?

/NJD

/YESS CHANO&gt;MINO?

/ ND

/TESS CHANLl&lt;viAX 1?

/NJ

/Y"S3 CHANI&gt;MINI1?

/ND

/JHERE IF NJT 3N LINEAR REGIJN

/3F VALTAGE CIIRVE

/ZINCREMENT BDPTS
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3673 3046

3674 1342

3675 3044

3676 4407

3677 7000

3700 3335

3701 3104
3702 1107

3703 7000

3704 6327

3705 3000

3706 7300

3707 1343

3710 7012

3711 3045

3712 3046

3713 1342

3714 3044

3715S 4407

3716 7000

3717 3335

3720 3112

3721 1115

3722 7000

3723 5332

3724 0000

3725 7300

3726 5747

3727 3000

3730 08000

3731 2000

3732 0000

3733 DOOO

3734 0000

3735 7772

3736 2401

3737 2005

3740 7772

3741 2401

3742 02013

3743 0000

3744 0000

3745 2001

3746 4042

3747 4000

4000 7300

400 1 1165
4002 7650

4003 5205

4004 3222

4005 7300

4006 4407

4007 5120

4010 1166

11 7000

412 5120

4013 35706

4014 1707

4015 1123

4016 1000

4017 5123

4020 0000

4021 5242

4022 7300

4023 4407

DCA 46

TAD C13

DCA 44

FENT

FiNIR

FMPY TJIVILTS

FMPY SL3APO

FADD INTO

SNR

FPUT CHANO

TEXT

Cha CLL

TAD STRI

QTR

DCA 45

DCA 46

TAD C13

DCA 44

FENT

FNJR

FMPY TJIVILTS

eMBRY SLOP

FADD INTI

FN2R

FPUT CHAwNI

FEAT

CLA CLL

Jmp I XY

3CHANO»

CHAN! »

0

TOAVILTS, 7772

2401

2005

7772

2401

2013

0

Q

0001

JIT

EA

C13,

STR1.»

STRO.,»

£0001,

327,

(Yo,

xAVRG+200

KZ» CLA CLL

Tad MIDE

SNA CLA

JMP RAT

JMP CBRAT

cLa CLL

FENT

FGET NPTS

FADD 3NE

FN2R

FPUT NPTS

FGET 1 CHO

FDIV I CHI

FADD A

FNIR

FPUT A

FEXT

Jp 21T

CLA CLL

FENT

RAT,

/THLS CHANGES DIGITAL

/INFIRMATIINTJ ACTUAL

JUJLTS. SAME AS ABJIVE

/IT ALS? MIJLTIPLIES BY

/SLIPE AND ADDS INT.

/CHECK MJDE

/NIRMAL MIDE3 GET RATII

/CALIBRATE MIDE
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4024 S120

4025 1166

4026 7000

4027 6120

4030 5706

4031 1123

4032 7000

4033 6123

9034 5707

4035 1171

4036 7000

4037 6171

4040 0000

041 5242

9042 7300

4043 56302

a44 2310

4045 6001

046 1310

047 7440

4050 5002

051 7300

4052 6026

9053 4407

4054 5123

4055 4120

056 17000

4057 0014

4060 S123

4061 3303

062 3000

4063 4546

4064 1312

4065 6551

4066 6022

467 7300

4070 1311

4071 3310

4072 4407

4073 5174

#74 6123

75 6120

4076 0000

4077 7300

4100 5302

4101 6001

4102 5002

4103 0003

4104 2000

4105 0000

4106 3727

4107 3732

4110 7720

airy 7720

4112 4000

AIT,

FKA40O»

CHO,

CH1.,

NBPTS.,

NCPTS.,

K4ao0n0,

FGET NPTS

FADD ONE

FNJR

FPUT NPTS

FGET I CHO

FADD A

FNJR

FPUT A

FGET I CHI

FADD B

FNZR

FPIIT B

TEXT

JMP JIT

CLA CLL

CLTF

LS4 NBPTS

I3N

TAD NBPTS

SLA

JMP LJA2ZP

cLA CLL

6026

FENT

FGET A

FDIV NPTS

FNIR

JUTPIT

FGET A

FMPY FK40

FEXT

JMS I SINTEG

TAD K4000

6551

6022

CLa CLL

TAD NCPTS

PCA NBPTS

FENT

FGET &lt;4ZER3

FPUT a

FPUT NPTS

FEXT

CLA CLL

CLTF

I1JN

JMP L22P

0003

2000

3000

CHANO

CHAN1
7720

7720

4000
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figures are retained, by changing memory location 7325 to

7776. Then to run the program, load address 3601 and start.

Finally, we make some explanatory comments on the

Ratio Averager modification which plots points on the ARDS

graphics display terminal whose x and y coordinates are the

integrated outputs of the two detectors. This modification

was originally carried out by Bruce Garetz. We refer to the

listings on following pages.

In tape 1, there are some additional floating point

memory locations. AMAX is the maximum value of the ARDS plot,

typed in during the initial dialogue. SCALE is the number of

ARDS display points along the entire x or y axis, while SHIFT

is half that and is used to move the zero of the plot from the

center of the screen to the lower left corner. SPLOT is an

added subroutine reference, and the definition of TAMAX gives

the address of the text for the plot maximum question on tape 6

The only change in tape 4 is to draw the axes after the

initial dialogue. In line 3162 we go to the subroutine AXES,

on tape 4.5. The subroutine takes through line 2633 to ask

for the maximum of the ARDS scale. Then the instruction 6312

clears the ARDS flag. The character KERASE, which is zero,

is read by the ARDS on the command 6314. There is a loop

which checks to see if the ARDS is done reading, including

the command 6311 to skip the following statement if done.

Lines 2643 through 2646 are a delay to give the ARDS time to

erase. Lines 2651 through 2655 put the ARDS into set point
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(Text continues on page 245.)

RATI@ AVERAGER WITH ARDS TAPE |

0000 0000

0001 5531

0002 5002

0007 5600

0015 0000

0016 0000

0017 0000

0023 0012

0024 2070

0025 0000

0026 0013

0027 2070

J030 0000

0031 2730

0032 1100

0044 0000

0045 0000

D046 0000

«0000

3)

LABP.,

*x0007

*0015

AMAX.»

*0023

SHIFT.

SCALE,

SPLJT,

TAMAX»

0044

FLAC,

JMP 1 SSERV

JMP

5600 /PZINTER TJ FP PKG 3

0000

0000

0000

0012

2070

0000

0013

2070

2000

PLAT

1100

J

J

0

*x00585

0055 0001

0056 7777

0057 0000

0060 0000

D061 0000

0070 0000

2071 0000

0072 0000

D073 0200

0074 4000

0075 0240

2076 0300

0077 0340

0100 0400

D101 0000

0102 0000

3103 0000

0104 0000

J105 0000

0106 0000

0107 0000

0110 0000

Jl11 0000

J112 0000

0113 0000

Oli4 0000

Jills 0000

Jo116 0000

117 0000

3120 T0000

Jl21 0000

0122 0000

J123 0000

Jle4 0000

a125 0000

0126 3400

«70

AC.»

L.,

BUFF,

TRIIN,

TEXT,

TSL3PO.,

TINTO,

TSL3PIL,

TINT,

RIN,

SLJPO.,

INTO,

SL@P1.,

INTL,

NPTS.,

A

SCOMP,

JOU | /F3R CR AFTER JNITPUT

7777 /F3R LF AFTDR QUTPIT

J

J

J

0

0

0

200

4000

240

300

340

400

J

)

J

Cd MP

J)8K



0127 1000

0130 3000

0131 1200
D132 1400

D133 3600

2134 1022

2135 1300

2136 2400

0137 1030

0140 2200

0141 2600

0142 0000

0143 0000

0144 0000

0145 0000

0146 3200

0147 0000

0150 0000

151 0440

J152 0600

7153 0640

J154 0700

JI55 0740

3156 1000

J157 1040

3160 0000

Jiéel 0000

D162 0000

0163 0540

D164 2500

7165 2000

0166 )H001

J167 2000

2170 0000

J171 0000

Ji72 0000

2173 0000

0174 0000

2175 0000

D176 HOOD

0200 7300

3201 6046

J202 5603

D203 1604

S53UT»

SINIT.

3SERV,

3INPT,

SAVRG.,

SCRLF.,

5STRT.,

SFINI.»

STYPE.

SCLEAR.,

SCALIB,

MINO.,

MINL.,

MAXO,
MAX1»
JINTEG.

1B»

AS»

FPMINO.,

TMINIL»

T™MAXO0»
TMAX 1»

TCHO»

TCH1.,

TBDPT.,

BDPTS.»

TAY,

TPTS.

M3 DE,

INE»

Bas

LER»

b)

«200

SCF»

auT

INIT

SERV

INPT

AVRG

CRLF

STRT

FINI

TYPE

CLEAR

cAaLIB

0

0

0

0

INTEG

J

a

440

600

640

700

740

1000

040

J

540

500

J

00ul

2000

3000

CLA CLL

TLS

JMP I SCF

INPT+204

/PRIGRAIMT STARTS HERE

/T2 SET PRINTER FLAG
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RATI@ AVERAGER WITH ARDS TARE 4

2600 0000

2601 7300
2602 7001

2603 3165

2604 4407

2605 5166

2606 6104

2607 6112

2610 5174

2611 6107

2612 6115

2613 0000

2614 5600

000 0000

3001 7300

W022 6046

3003 1073

004 3072

005 6211

3006 4527

3007 5201

VIC 4407

VIL 0013

012 7000

13 5101

014 2000

VIS 7300

016 1075

3017 3072

020 6211

21 4527

22 6201

V23 4407

024 0013

025 7000

026 5104

027 0000

030 7300

031 1076
032 3072

N33 6211

034 4527

035 6201

V36 4407

037 0013

040 7000

041 6107

V42 0000

043 7300

3044 1077

045 3072

V4a6 6211

P47 4527

050 6201

051 4407

0s2 0013

3053 7000

xCALILB

CALIBS

kKINIT

INIT»

0 HANDLES CALIBRATE CIMMAND

CLA CLL

IAC

JCA MIDE /SET MJIDE=1 INDICATING CALIBRATE MIDE

FENT

FGET ONE

FRPUT SL3IPO

PUT SL32P1

FGET ZERJ

SPUT INTO

FPIJT INTIH

TEXT

JMP I CaLlInR

0

CLA CLL

TLS

TAD TRIN

DCA BUFF

CDF +10

JMS I SOUT

CDF +00

FENT

[NDUT

TNIR

FPIJT RIIN

FEXT

CLA CLL

TAD TSLJPO

JCA BUFF

SDF +10

JMS I S2UT

CDF +00

FENT

INPUT

FNJR

e21JT SLIPO

TEXT

CLa CLL

TAD TINTO

DCA BUFF

CDF +10

JMS 1 SIUT

CDF +00

FENT

INPUT

*NJR

FPIIT INTO

FEXT

CLA CLL

rap TSLJP1

JCA BUFF

CDF +10

JMS 1 S3UT

TDF +00

FENT

INPUT

FNAR

/INITIALIZATIIN SUBRINITINE

/TJd GET RIN NUMBER SLYPES

/JAND INTERCEPTS

/TLS SETS TTY FLAG

/JTEXT 1S IN TUPPER 4K

JASK FIR RVIIN NITHMMRER

/GET RiIN NIIM AND STIRE

/GRET SLIPO

/GET INTO

/GET SL2»1
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3054 6112
3055 0000

056 7300

3057 1100

060 3072

061 6211

N62 4527

63 6201

P64 4407

365 0013

66 7000

67 6115

3070 0000

3071 7300

3072 1151

073 3072

V74 6211

075 4527

N76 6201

3077 4407

3100 0013

3101 7000

3102 3366

3103 4371

3104 7000

3105 0000

3106 4546

3107 3142

3110 1153

3111 3072

3112 6211

3113 4527

3114 6201

3115 4407

3116 0013

3117 7000

3120 3366

3121 4371

3122 7000

3123 0000

3124 4546

3125 3144

3126 1152

3127 3072

3130 6211

3131 4527

3132 6201

3133 4407

3134 D013

3135 7000

3136 3366

3137 4371

3140 7000

3141 1000

3142 4546

3143 3143

3144 1154

3145 3072

3146 5211

3147 4527

3150 5201

3151 4407

3152 0013

3153 7000

3154 3366

3155 43171

FPUT SLJPI

FEXT

CLA CLL

TAD TINTI

DCA BUFF

CDF +10

JMS I S@UT

CDF +00

FENT

INPUT

FN3R

FPUT INT

FRXT

TLAa CLL

TAD TMING

DCA BUFF

CDF +10

JMS 1 S3UT

CDF +00

FENT

[INPUT

PNR

FRY F4U95

FDIV FTEN

FINGR
FEXT

JMS I SINTEG

DCA MIN)

TAD TMAXO

DCA BiIFF

SDF +10

JMS I SJIUT

CDF +00

FENT

INPUT

FNIR

FMPY F4095

FDIV FTEN

FN2R

FEXT

JMS I SINTEG

DCA MAXO

TAD TMINI

DCA BUFF

CDF +10

JMS I SAUT

CHF +00

FENT

[NPT

FN2R

FMPY F409S

FDIV FTEN

FN3R

FEXT

JMS 1 SINTEG

DCA MINI

TAD TMAX]

DCA BUFF

CDF +10

JMS 1 S3IuUT

CDF +00

FENT

INPUT

FNJR

FMPY F4095

FERTU FTEN

3 =

/GET INT

/CET MINS AND MAXS



3156 7000

3157 0000

3160 4546

3161 3145

3162 4774

3163 7300

3164 3165

3165 5600

3166 1012

3167 3777

3170 4000

3171 0004

3172 2400

3173 D000

3174 2620

3200 0000

3201 7300
3202 1044

3203 7510

3204 5242

3205 7300

3206 1046

3207 D244

3210 7450

3211 5213

3212 7020

3213 1045

3214 7004

3215 7100

3216 3246

3217 1044

1220 1250

221 7540

222 5237

3223 7500

3224 5234

3225 3247

1226 1246

3227 7100

3230 7010

3231 2247

3232 5227

3233 5400

3234 7300

3235 1246

3236 5600

3237 7300

3240 1245

3241 5600

3242 7300

3243 5600

3244 4000

3245 7777

3246 0000

3247 0000

280 7766

3400 0000

3401 7300

3402 1377

3403 7700

3404 5210

405 7240

3406 3244

3407 5212

F4095,

FTEN.,

SAXES.,

*INTEG

INTEG.

AX a

XY »

NEG»

4000.

£7777,

INT»

SHFT.,

M12,
«COMP

CZMP»

FNZR

FEXT

JMS 1 SINTEG

DCA MAX]

JMS I SAXES

CLA CLL

DCA MIDE ~~ /F3R REGULAR MODE

JMP I INIT /DINW

2012

3777

4000

0004

2400

2000

axES

J

CLA CLL

TAD FLAC

SPA

JMP NEG

CLA CLL

TAD FLAC+2

AND Ka000

SNA

JMP «+2

CL

TAD FLAC+1

RAL

CLL

DCA INT

TAD FLAC

TAD wil2

SMA SA

JMP XY

SMA

JMP XX

DCA SHFT

TAD INT

SLL

RAR

[S4 SHFT

JMP «=3

JMP I INTEG

CLA CLL

TAD INT

JMP I INTEG

CLA CLL

TAD K7777

JMP 1 INTEG

CLA CLL

JMP I INTEG

4000

7777

J)

3

7766

/CINVERTS NIIMBER IN FLAC TJ

JAN INTEGER IN THE AC

/THE FL PT FXPINENT IS NEG

/GET LEFT 17

/JLARGER THAN 2%%12

J =0

0

CLA CLL

TAD Q

SMA CLA

JMP «+4

CLA CMA

DCA SB

JMP «+3

/DVES ABSJLUTE C3IMPARI SIN.

Z1E: 4000&gt;3777

/28B 1S MINUS

279



3410

3411

412

3413

3414

415

3416

3417

3420

uel

y22

3423

424

3425

3426

3427

3430

3431

3432

3433

34

3435

3436

3437

3440

41

wu42

443

a4

7201

3244

1150

7700

5226

1244

700

3242

1150

7041

1147

7700

5240

5242

1244

7700

5232

3240

1150

7041

1147

7700

3240

5242

7201

5600

7300

5600

2000

VRS,

ND»

SB»

CLA IAC

DCA SB

TAD QS

SMA CLA

JMP «+12

TAD SB /QS 1S MINIIS

5MA CLA

JMP NZ

TAD AS

cla

TAD QB

SMA CLA

JMP YES

JMP NJ

TAD SB

SMA CLA

JHMP «+2

JMP YES

TAD QS

ClA

TAD 2B

SMA CLA

JMpP YES

JMP NJ

cLLA IAC

JMP I COMP

CLA CLL

JM I C3ImMP

i)

/QB 1S P@3S JR ZERJZ

/QS 1S PLUS IR ZERYD

/9B&gt;0S AC=1

/RB&lt;NS AC=0
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RATIJ AVERAGER WITH ARDS TAPE 4.5

2620 0000

2621 7300

2622 1032
2623 3072

2624 6211

2625 4527

2626 6201

2627 4407

2630 0013

2631 7000
2632 6015

2633 0000

2634 7300

2635 6312

2636 1321

2637 6314

2640 6311

2641 5240

2642 7300

2643 1312

2644 T7001

2645 7510

2646 5244

2647 6312

2650 7300

2651 1320

2652 6314

2653 6311

2654 5253

2655 6312

2656 7300

2657 1313

2660 4431

2661 1314

2662 4431

2663 1311

2664 6314

2665 6311

2666 5265

2667 6312

2670 7300

2671 1317

2672 4431

2673 1316

2674 4431

2675 1315

2676 4431

2677 1317

2700 4431

2701 7300

2702 1320

2703 6314

2704 6311

2705 5304

2706 6312

2707 17300

2710 5620

D711 0036

*AXES

AXES,

RSS»

0

CLA CLL

TAD TAMAX

DCA BUFF

CDF +10

JMS 1 SJUT

SDF +00

FENT

[INPUT

FiNGR

FRPUT aMaX

FEXT

CLA CLL

6312

TAD KERASE

6314

6311

JMPe =1

CLA CLL

TAD K4000

IAC

SPA

JMPee -2

6312

CLA CLL

TAD GSS

6314

6311

JMPe -1

6312

CLA CLL

TAD M540

JMS 1 SPLOT

TAD Ka80

JS I SPLAT

TAD RSS

6314

6311

JMP -1

5312

CLA CLL

TAD KO

JMS I SPLIT

TAD M1020

JMS 1 SPLIT

TAD K1020

JMS 1 SPLIT

TAD KO

JMS I SPLIT

CLA CLL

TAD GSS

6314

5311

JMPe =]

5312

CLA CLL

JMP I AXES

Jd036

234



2712 4000

2713 6744

2714 0740

2715 1774

2716 6004

2717 0000

2720 0035

2721 0000

2722 3300

2730 0000

2731 7500

2732 5335

2733 7040

2734 1360

2735 3357

2736 1357

2737 7004

2740 7200

2741 1337

2742 0336

2743 7004

2744 1361

2745 4762

2746 1357

2747 7012

2750 7012

2751 7010
2752 13356

2753 1361}

2754 4762

2755 5730

2756 0037

2757 0000

2760 4001

2761 3100

2762 2770

2770 0000

2771 6314

2772 6311

2773 5372

2774 6312

2775 7300

2776 5770

£4000, 4000

M1540 » 6744

£480 , 0740

£1020, 1774

41020. 6004
&lt;0, 0000

3585, D035
{ERASE, 0000

SFL@T, FLIT

«PLZT

DI1.T» 0

SMA

JMP e+ 3

CMA

TAD K4001

DCA TREMP

TAD TEMP

RAL

CLA

TAD TEMP

AND MASK37

RAL

TAD K1000

JMS 1 S3AT

TAD TEHUP

RTR

RTR

RAR

AND MASK37

TAD K1000

JMS 1 SJIAT

JMR I PLIT

JO037

3000

4001

0100

3AaT

MASK37.,

TEMP,

&lt;4001.,

£1000.

83aT.,

«JAT

FAT» 0

6314

5311

JP e=-1

5312

CLA CLL

JP I JAT
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RATIJ AVERAGER WITH ARDS TAPE 4.7

3300 0000

3301 13045

3302 3046

3303 1311

3304 3044

3305 4407

3306 7000

3307 0000

3310 S700

3311 0013

3320 0000

3321 7200

3322 1044

3323 7540

3324 5327

3325 7200

3326 5344

3327 1345

3330 7450

3331 5343

3332 3044

3333 7100

3334 1045

3335 7510

3336 7020

3337 7010

3340 3045

3341 2044

3342 5333

3343 1045

3344 5720

3345 7765

x FLIT

FLT.

Cla,

#FFIX

FFIX,

GJ

DANE»

M13,

0

DCA 45

DCA 46

TAD C13

DCA 44

FENT

FNZR

FEXT

JMP I FLZT

0013

0 i

cLA

TAD 44

SZA SHA

JMPe+3

CLA

JMP DINZ+1

TAD M13

SNA

JMP DINE

DCA 44

CLL

TAD 45

SPA

SML

IAR

JCA 45

[SZ 44

JiuiP G3.

TAD 45

JMP 1 FFIX

-13
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RATIZ@ AVERAGER WITH ARDS TAPE 5

3600 0000

3601 7300

3602 6542

3603 7300

3604 6531

3605S 5204

3606 6534

3607 3344

3610 1345

3611 6542

3é6l2 7300

3613 6531

36l4 5213

3615 6534

3616 3343

3617 1165

3620 7650

3621 5223

3622 5267

3623 | 344

3624 3150

31625 1144

3626 3147

3627 4526

3630 7650

3631 5260

3632 1344

3633 3147

3634 '142

3635 3150

3636 4526

3637 7650

3640 5260

3641 1343

3642 3150

3643 1145

3644 3147

364S 4526

3646 7650

3647 5260

3650 1343
B51 3147

3652 1143

3653 3150

3654 4526

3655 7650

3656 5260

3657 5267

3660 7300

3661 4407

3662 5160

3663 1166

3664 6160

3665 3000

3666 5746

3667 7300

3670 1344

3671 7012

*AVRG

AVRG,

=A

CAN»

0

CLA CLL

ADSC

“LA CLL

ADSF

JMP -1

ADRB

DCA STRO

TAD K0O0O1

AaDSC

CLA CLL ~

ADSF

JMP eo -1

ADRB

JCA STRI

TAD MIDE

SNA CLA

JMP «+2

JUMP CIN

TAD STRO

NCA AS

TAD MAXO0

DCA MB

JMS 1 SCIMP

SNA CLa

JP BAD

TAD STRO

DCA NB

TAD [INO

DCA QS

JMS I SCIMP

SNA CLA

JP BAD

TAD STRI1

DCA QS

TAD MAX!

2CA AR

JMS I SCImMP

SNA CLA

JMP BAD

TAD STRI

DCA QB

TAD MINI

DCA QS

JMS I SCIP

SNA CLA

JiiP BAD

JP CIN

cLA CLL

FENT

FGET BDPTS

FADD ONE

FPUT BDPTS

FEXT

JMP I 33T

CLA CLL

TAD STRO

RTR

73° 7

/JHERE IN 29.3 MICRJISEC

/SELECT CHANNEL 0

/AND CINVERT

/SKIP WHEN DONE

/READ INT3 AC

/ SELECT CHANNEL

/UZLTAGES ARE STIRED

/CHECK MIDE

/CALIRRATE?

/YES

/INT

/CHANO&lt;MAXO?

INS

/YTESs CHANO&gt;INO?

/NG

/CRS5 CHAN1&lt;tAX]?

/NY

/YRS3 CHAN1&gt;MINI1?

/NJ

/HERE IF NIT SN LIinEAl RZGIJIN

/IJF VILTAGE CGiIIRUE

JINCREMENT =DPTS



3672 3045

3673 3046

3674 1342

3675 3044

3676 4407

3677 7000

3700 3335

3701 3104

3702 1107

3703 7000

3704 6327

3705 0000

3706 7300

3707 1343

3710 7012

3711 3045

3712 3046

3713 1342

3714 3044

3715 4407

3716 7000

3717 13335

3720 3112

3721 1115S

3722 7000

3723 6332

3724 0000

3725 7300

3726 3747

3727 0000

3730 0000

3731 0000

3732 0000

3733 0000

3734 D000

3735 1772

3736 2401

3737 2005

3740 7772

3741 2401

3742 0013

3743 0000

3744 0000

3745 0001

3746 4072

3747 4000

#000 7300

4001 1165

4002 7650

4003 5205

4004 5252

4005 7300

Wo6 4407

4007 5120

4010 1166

0i1l 7000
012 5120

013 35702

4014 4703

4015 1123

016 7000

4017 6123

4020 5702

4021 3026

4022 4018

DCA 45

DCA 46

TAD C13

DCA 44

FENT

FNOR

FMPY TQVILTS

FMPY SL@PO

FADD INTO

FNOR

FPUT CHANO

FEXT

CLA CLL

TAD STRI

RTR

DCA 45
DCA 46

TAD C13

DCA 44

FENT

SNIR

FMPY TZVILTS

TMPY SL3PI

FADD INTI

FNR
FPUT CHAN

SEXT

3JLA CLL

JMP I XY

JCHANO »

~

CHAN,

J

J

TAVALTS, 7772

2401}

2005

7772

2401

C13, 0013

3TR1., J
STRO., 2
$0001, 0001

IAT, a1T

Cs XZ

kAURG+200

XZ, CLA CLL

TAD MODE

SNA CLA

JMP RAT

JMP CBRAT

CLA CLL

FENT

FGET NPTS

FADD 3NE

FNOR

FRUT NPTS

FGET 1 CHO

FDIV I CHI

FADD A

FNOR

FPUT A

FGET I CHO

FMPY SCALE

FDIV aAaMAX

RAT.»

/THIS CHANGES DIGITAL

ZINFIRMATIZN Td ACTUAL

/VILTS. SAME AS ABJVE

/1T ALSZ MULTIPLIES BY

/SLIPE AND ADDS INT.

/CHECK ™M3DE

/NIRMAL MODES GET RATII
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4023 2023

4024 7000

4025 0000

4026 4705

4027 3702

4030 4407

4031 5703

4032 3026

4033 4015

4034 2023

4035 7000

8036 0000

4037 4705

4040 3703

4041 7300

4042 1702

4043 4431

4044 7300

4045 1703

4046 4431

4047 4320

4050 7300

4051 5272

4052 7300

4053 4407

4054 5120

4055 1166

4056 7000

4057 5120

4060 5702

4061 1123
4062 7000

4063 5123

4064 5703

4065 1171}

4066 7000

4067 5171

4070 0000

4071 5272

4072 7300

4073 6551

4074 1304

4075 5551

4076 17300

4077 6302

4100 6001

4101 5002

4102 3727

4103 3732

4104 4000

4105 13320

4120 0000

4121 7300

4122 1343

4123 6314

4124 5311

4125 5324

4126 5312

4127 7300

4130 1345

4131 4431

4132 1345

1133 4431

1134 1344

4135 6314

CBRAT,

F317,

CHO»

SH,

4000.

SFFIX.,

«DRAW

DRAW,

FSUB SHIFT

FNOR

FEXT

JMS 1 SFFIX

DCA 1 CHO

FENT

GET I CHI

FMPY SCALE

FDIV AMAX

FSUB SHIFT

FN2ZR

FEXT

JMS I SFFIX

2CA 1 CHI

SLA CLL

TAD 1 CHO

JMS I SPLIT

CLA CLL

TAD I CHI

JMS I SPLIT

JMS DRAW

CLA CLL

JMP JIT

La CLL

FENT

FGET NPTS

FADD 7nNE

FNZR

FPUT NPTS

FGET 1 CHO

FADD A

FNIR

FPUT A

FGET I CHI

FADD B

TNR

FRPUT B

TEXT

JMP BIT

CLA CLL

6551

TAD 4000

5551.
CLA CLL

CLTF

{2N

JMP L23JP

CHANO

CHAN

4000

FRFIX

0

CLA CLL

TAD RSK

6314

5311

JMPe=1

6312

CLA CLL

TAD Kl

JMS 1 SPLAT

TAD Ki

JMS I SPLAT

TAD GSK

8314

/CALIBRATE MIDE

/JUTPIT +5 VUZLTS TJ CHANI

/3UTPIJT 0 V3LTS

/NEED JNLY CLEAR FLAG CAVSING INTRPT
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4136

4137

4140

414)

4142

4143

4l44

4145

BAD

CBRAT

CHANO

HAN

HO

CHI

SON

713

3SK

0001

&lt;1

$4000

JIT

JaT

RAT

ISK

SFFIX

STRO

STR!

TJV3LT

1%

7,

6311

5336

6312

7300

5720

0036 RSK.

0035 GSK.»

0001 Kil.

3660

4052

3727

3732

4102

4103

3667

3742

4144

3745

4145

4104

4072

3746

4005

4143

4105

3744

3743

3735

3747

4000

6311

JMPe=-1

6312

CLA CLL

JMP I DRAW

0036

0035

0001
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RATIZ AVERAGFER WITH ARDS, GRID TAPE 4.5

2620 0000

2621 7300

2622 1032

2623 3072

2624 6211

2625 4527

2626 6201

2627 4407

2630 0013

2631 7000

2632 6015

2633 0000

2634 7300

2635 1324

2636 6314

2637 6311

2640 5237

2641 6312

2642 7300

2643 1322

2644 4431

2645 1320

2646 4431

2647 1321

2650 6314
2651 6311

2652 5251

2653 6312

2654 7300

2655 1323

2656 4431

2657 1322

2660 4431

2661 1323

2662 4431

2663 1322

2664 4431

2665 1320

2666 4431

2667 1323

2670 4431

2671 1320

2672 4431

2673 1323

2674 4431

2675 1323

2676 4431

2677 1320

2700 4431

2701 1323

2702 4431

2703 1320

2704 4431

2705 1322

2706 4431

2707 1323

2710 4431

o711 1322

*AXES

AXES» 0

CLA CLL

TAD TAMAX

DCA BUFF

CDF +10

JMS I S3uUT

TDF +00

FANT

[NPIIT

FNJR

FRIIT AMAX

FEXT

CLA CLL

TAD GSS

5314

5311

JMe~|

6312

CLA CLL

TAD MS40

JMS I SPLOT

TAD K540

JMS 1 SPLIT

TAD RSS

6314

5311

JMPe=1

6312

CLA CLL

TAD KO

JMS I SPLAT

TAD M540

JMS I SPLIT

TAD KO

JMS 1 SPLIT

TAD M540

JMS 1 SPLIT

TAD K540

JMS I SPLOT

TAD KO

JMS I SPL3T

TAD K540

JMS 1 SPLIT

TAD KO

JMS 1 SPLAT

TAD KO

JMS I SPLGT

TAD K540

JMS I SPLOT

TAD KO

JMS I SPLIT

TAD K540

JMS 1 SPL32T

TAD M540

JMS 1 SPLIT

TAD KO

JMS 1 SPLAT

TAD M540
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2712 4431

2713 1323

2714 4431

2715 4717

2716 5620

2717 3450

2720 1034

2721 0036

2722 6744

2723 0000

2724 0035

2730 0000

2731 7500

2732 5335
2733 7040

2734 1360

2735 3357

2736 1357

2737 7004

2740 7200

2741 1357

2742 3356

2743 7004

2744 1361

2745 4762

2746 1357

2747 7012

2750 7012

2751 7010

2752 0356

2753 1361

2754 4762

2755 5730

2756 0037

2757 0000

2760 4001

2761 0100

2762 2770

2770 0000

2771 6314

2772 6311

R773 5372

2774 6312

2775 17300

2776 5770

SGRID.

K540.,

RSS,

M540.

KO»

GSS.

xPLOT

PLAT.»

MASK37.,

TEMP,

£4001,

£1000,

STAT

«2aT

AAT ,

JMS I SPLIT

TAD KO

JMS I SPLOT

JMS I SGRID

JMP I AXES

GRID

1034

D036

6744

0000

0035

0

SMA

JViP e+3

CA

TAD K4001

DCA TEMP

TAD TEMP

AL

cLa

TAD TEMP

AND MASK37

RAL

TAD K1000

JMS I S3JAT

TAD TEMP

TR

RTR

RAR

AND MASK37

TAD K1000

JMS I SJAT

JMP I PLJT

D037

000

4001

0100

AAT

J

6314

6311

JMPe=1

6312

CLA CLL

JMP I BAT
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RATIJ AVERAGER WITH ARDS, GRID TAPE 4.7

3300

3301

3302

3303

3304

3305

3306

3307

3310

3311

NOOO

3045

3046

1311

3044

4407

7000

0000

5700

J013

3320 0000

3321 7200

3322 1044

3323 7540

3324 5327

3325 7200

3326 5344

3327 1345

3330 7450

1331 5343

3332 3044

3333 7100

3334 1045

3335 7510

3336 7020

3337 7010

3340 3045

3341 2044

3342 5333

3343 1045

3344 5720

3345 7765

3450 0000

451 7300

us52 1357

3453 3365

3454 1357

455 3366

Us56 1364

U57 3367

3460 7300

3461 1365

ue2 1360

463 3365

Mea (364

465 3370

M66 7300

M67 1366

3470 1360

71 3366

3472 1355

U73 6314

U74 6311

75 5274

3476 6312

477 7300

3500 1365

«FLOT

“LOT,

C13,

kKFFIX

FFIX»

37»

DUNE»

11 3»

*GRID

GRID.»

BEGL

BEG2s

J

DCA 45

DCA 46

TAD C13

DCA 44

FENT

FNOR

FEXT

JMP I FLIT

0013

0

CLa

TAD 44

SZA SMA

JMPe+3

cLa

JMP DINE+1

TAD vil3

3NA

JriP DINE

DCA 44

SLL

TAD 45

SPA

ThL

AR

DCA 45

1S7Z 44

JMP GE

TAD 45

JMP 1 FFIX

-13

0

CLa CLL

TAD 1648

DCA XK

TAD i648

pca Y

TAD wll

DCA ™

CLA CLL

TAD X

TAD K10o

pCa X

TAD M11

DCA N

CcLa CLL

TAD Y

TAD K108

DCA Y

TAD GSS

6314

6311

JMPoe=1

6312

cLa CLL

TAD X
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3501 4431

3502 1366

3503 4431

3504 1356

3505 6314

3506 5311

3507 5306

3510 6312
3511 7300

B12 1362

3513 4431

3514 1361

3515 4431

3516 1363

3517 4431

3520 1361

B21 4431

3522 1362

3523 4431

1524 1361

3525 4431

3526 1361

1527 4431

3530 1362

3531 4431

3532 1361

3533 4431

3534 1363

3535 4431

3536 2370

3537 5266

3540 7300

3541 | 357

3542 3366

3543 2367

3544 5260
3545 7300

3546 1355

3547 6314
3550 6311

3551 5350
552 6312

3553 7300

3554 5650

BSS 0035

3556 0036

3557 5570
3560 J154

3561 3000

3562 0002

3563 1774
3564 17765

3565 0000

3566 0000

3567 0000

370 0000

GSS.»

RSS,»

1648,

£108,

0.

‘2a

14,

M11

Ta

tis

No»

JMS 1 SPLIT

TAD Y

JMS I SPLAT

TAD RSS

6314

6311

JMPe=1

6312°
CLA CLL

TAD K2

JMS 1 SPLIT

TAD KO

JMS 1 SPLIT

TAD uid

JMS 1 SPLOT

TAD KO

JMS I SPLIT

TAD K2

JMS I SPLIT

TAD KO

JMS I SPLIT

TAD KO

Js I SPLIT

TAD K2

JiiS 1 SPLIT

TAD KO

Js I SPLIT

TAD M4

JiiS I SPLOT

152 WN
JMP BEG2

CLa CLL

TAD 11648

DCA

[SZ M

JMP BEGL

CLA CLL

TAD GSS

6314

6311

JMPe=1

6312

SLA CLL

JP I GRID

0035

0036

6570

0154

Joo

Jooz2

7774

7765

3

)

J
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mode. Then putting up first M540 and then K480 and going to

the PLOT subroutine (discussed below) sets the ARDS beam at

the upper left corner of the screen. Lines 2663 through

2667 put the ARDS into long vector mode. The ARDS is given

the projections of the vector on the x and y axes and draws

a line of that length from the point previously set. So

giving it 0 and M1020 and then K1020 and 0 means it draws

first a y and then an x axis.

The program arrives at the subroutine PLOT with an

argument character (coordinate) in the accumulator. This

is then operated on to recast it in the form accepted by the

ARDS, as described in the ARDS operating manual, page 4-10.

Here we take as an example the coordinate M540 which sets a

point at the extreme left of the screen. Line 2731 checks

for a negative argument. M540, which is 6744 in octal or

110 111 100 100 in binary, is negative. So it is complemented,

producing 001 000 011 100, the last ten bits of which (bits

10 through 1) add up to 540. Then adding 4001 puts the

negative sign in bit 12, and ensures that the complement of

7777 is 1 tather than 0. The sum is stored in TEMP. The

left rotation i line 2737 puts the sign bit in the link.

Then retrieving the argument from TEMP, using the AND command

with MASK37 leaves the last five bits (bits 1-5, the least

significant). Another left rotation puts the sign in bit 1,

and adding 0100 puts a 1 in bit 7, signifying that this is an

argument character. At this point this first argument character
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is in correct form to be given to the ARDS for plotting

through the subroutine OAT. Taking the argument out of

TEMP again, five right rotations and the use of MASK37

give the other five digits. After adding 0100 again this

too is output through OAT.

In tape 4.7, the subroutines FFIX and FLOT are

analagous to the decimal-binary conversion routines of the

Floating Point Package, DECON and DECONV.

In tape 5, the subroutine DRAW plots the data points

by the method already discussed. It operates in long vector

mode, where a point is the shortest possible vector of

length 1,1. Also reproduced here are modifications of tapes

4.5 and 4,7 which draw a grid along with the axes.

Having discussed the machine language programs which

produce lineshape data, we now turn to the FOCAL programs

used in processing that data. An example of the treatment

of data tapes to produce an averaged absorption lineshape is

given in Section I C. In following pages we give a listing

of the FOCAL program Alpha Reader used to do that, and begin

this portion of the appendix with some comments on the functions

of various sections.

Sections 2, 3, and 4 form a loop which adds in tapes,

storing the data points in the array SUM. In section 7 these

ratios are operated on (in line 7.21) to obtain absorbances.

The initial baseline and its slope are estimated from values

in the wings of the line or from recent vacuum baselines, and
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01.10 ZRASE Alpha Reader Program

Ole¥Y0 A "HOW MANY PIINTS ARE Yo) CINSIDERING 2Y, MAX,

02.05 A "DJ Ya] WISH TJ ADD ANJTHER TAPE ?VS,ANS

02¢10 IF CAN=OYES)7¢0153+0157.01

03.01 SET N = N+1

03.05 A "HAW MANY PJINTS DJ YI] WISH TJ THRIW AWAY

03:06 IF (TA)3¢50,53¢753.5

03.50 FIR I=1,TA; DJ 3.6

03.51 GT 3.7

D3.60 *3 ASK Xj;*

0370 F2R I=1,MAX; D3 4.05

33.71 GT 2.05

20 s Ta,

04.05 *3A XK3A Y3%3S SUMCI)=SUMCII+C(K+Y)/2

505 F I=1,MAX3 IF (SHMCI))ISF3e1055e1055020
510 SET SUMCI)=0

J5.20

J7401 A 1, "BASELINE ? YalMa tt!
D07.02 A "SLOAPE? L,SL,t!

07.03 A "END LINE? "LELSY!

D7.05 T * 1 ALPHA, 1!

U7¢10 F I=1,EL,MAX3 D 7.205 T !

J7¢12 A 11 1I1"WANT A x PLJIT? TLANS,!

17413 IF (ANS~0YES) Tel4,5.01,7414

J7«14 A 111HIWANT AN XY PLJIT? "LSANT ,!

J7¢15 IF (ANT=-0OYES)I12.01,9.05,12.01

J7¢20 F J=I1,EL3 D 7213 D 7.223

721 S SUMCI+J=1)=18519%FLIGCSIUIM(I+J-1)/N%M)3 S M=M+ SL
1722 T %440 [+d=1, 25.03 SHM(L+J-1)

01 A "PRINTS PER * 2 '",§p,1

8.02 A "PEAK VALUE? ',PU,!

08.03 A "MAXIMIIM SPACES? **,MS,!!

JB.04 S SMX=SPxPVU/MS

Jel F [=]1,SP,MAXS S XX=03 T "%x",10; D Bell D Bel2

J8ell F K=1,SP3 SET XX=XX+SiM(I+K=1)

Jel2 FIR J=0,XX/SMX3 T * *

Je 30 GT 7.14

09.05 A *“XF? "“sXFa!

9.06 A "YF? “,YFal

09.07 Aa "INX? "LINX!

«08 A "IMY? YoIMY,t

WelUY F [=2,MAX3 D ells D Ye13

210 GT 9.20

XPe1ll F IX=0,INX; D 9.12

e112 S L=FDISC(XF*(I~1+(IX/INX))sYF%SIIM(I=1))3

)J2¢13 F IY=0,SG/CFABS(SUMCL=1)=SIIMCI))+.01),1MY3D Y.14

J9¢14 S Z3FDISCXF*I,YF*x(SUMCI-1)+IY®((SIUMCI)=SIIMCI~1))/1MY)))

Me.16 A "ANITHER XY? ",RAT,!

918 IF (RAT=0YES)Y 20,905,920

09 «20 A "WANT A LIRENTZIAN FIT? "r,ANR,!

0921 IF (ANR=0YES)9.22,12.02,9.22

09.22 QUIT

09«30SET4Z=FDISC0.,0)
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1010 S £=FDISCOYF*SIJM(l))
10.20 F 1I=1,1000;C

1030 G 9.09

12.02 A “YF? "LYF,!

12.04 A ""H3W MANY PKS? “LL,

12.05 A “NUMBER JF DIVISIJ3NS? CLMX st

12.06 A SC? ",SC

1220 F K=1,L5 DJ 12.3

1221 GT 12.5

1230 T Zl,» ("FIR PEAK “sK3 GIT 12.32

12.32 A !'"LACATIIN ",W(K),*" ARBSIRBANCE '"LR(K)," WIDTH "LP(K)

1250 T { GIVE THE INITIAL AND FINAL PJINTS, AND INCREMENT YJ

1260 A "WISH EVALIJATED. "LMNsJ

12690 T 111 H W 1OOxA'

1310 F H=1,MX3 D 13.205 D 13.25

1315 GT 13.30

13620 F W=M+(H=1)%®(N=M)/MXsJsM+HR(N=M)/MX3 D 14

13625 T %R3,H+1," “s, %6e03,(W=W(1))XRSC," s Z5.03, 100%xT,

1330 QUIT

14.10 S T=0

14.20 F K=1,L3 D 15

14630 S Z=FDIS(WL,YFxT%x100)

15¢10 SET S=R(K)/((&lt;W=W(K)&gt;*xSC/P(K))12+1)

15.20 SET T=T+S;R

16630 S SIUMCI)=1e8519%FLIGCFEXP(SIIMC(I)/18519)4«MI/MT)
16.40 S MI =MI+SL

16650 S MT=MT+ST

2910 S Z=FNEW(2)3T SUM(I)3S Z=FNEW(3,1)3S Z=FNEW(1)

31.10 S 4=FNEW(2)3S Z=FNEW(3,300)

31.20 W A

31¢ 30 S 4L=FNEW(3,300)035 S Z=FNEW(1)
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SHIRT ALPHA HEADER

J310 F I=1,MAX3 IF (SUMCI))3.30,3¢3053.50

)3430 S SiIMCI)=0

03.50

J4e0S F I=1,MAX3%3A X5A Y3%3S SUMCLI)I=SUMCII+(X+7)/2

0710 F I=1,EL,MAXSD 7.203T 1

I7e20 F JZ1SELID 7e2135D 7e22

J7¢21 S SUMCI+J=1)=1e8519%FLIG(SHMC(I+d=1)/N%xM)3S M=M+SL

D7e22 T R40 I+J=1,%5.03 SHMCI+d~1)

7909 F I=2,MAX3D 9.113D 9.13

ell F IX=0,INX3D 9.12

J9e12 S Z=FDISC(XFx(I=1+CIX/INX)) »YFxSUUMCL+SH=1))
P9el3 F IY=0,IMY5D 9.14

09.14 S L=FDIS(XFxl,YFx(SHUMCI+SH=1)+IYx((SUM(I+SH) =SIIM(L+SH=1))/1MY)))

1630 S SUMCI)=1+8519%xFLIGCFEXP(STMCI)/18519)%xMI/MT)
16.40 S ™MI=MI+SL

16650 S MT=MT+ST

WelO S L=FNEWC(2)5T SHM(I)3S L=FNEW(3,1);3&lt; LA=FNEW( 1)

31. 10 S L=FNEW(2)

31.20 W A

31 30 S 4L=FNEW(])
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then adjusted to best fit a Lorentzian. This section also

prints out each point as it is calculated, and the value given

the "END LINE?" question specifies how many points will be

printed on a line before a carriage return- usually 5. This

printing out is useful in finding reader errors before plotting,

in finding the peak value for scaling, and in checking for

negative values in the wings. These last are unavoidable when

fitting a baseline through a noisy zero absorption trace. Yet

they cannot be plotted, since the x-y recorder only accepts

positive values. Once the final baseline is chosen, section

5 is used to set these small negative values to zero.

Section 8 is a simple plotting routine for the teletype,

helpful in superimposing tapes with no original chart trace

since the data points are easy to count.

Section 9 plots the lineshape on the x-y recorder, given

the scaling factors XF and YF which convert data point number

and absorbance amplitude into x-y recorder points. The

granularities INX and IMY are the number of divisions in

traveling from one point to the next, used to reduce pen

overshoot. In this particular version, the y plotting loop

9.14 contains an automatically varying step size, where SG

should be set to between .01 and .02. Section 10 positions

the pen before x-y plotting begins.

Sections 12 through 15 calculate Lorentzian lineshapes

and plot them on the x-y recorder for comparison with

experiment. The number of divisions, MX, determines how many
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points on the Lorentzian are typed out. The calculation of

the scaling factor SC is discussed in Section I C. The

location of the Kth line W(K) is measured in chart recorder

points, as are the initial and final points and increment to

pe evaluated, M,N, and J. The half width at half maximum P (KX)

is measured in emt. The peak absorbance R(K) is input in

true absorbance units, em, although in section 7 the

amplitudes calculated and output are 100 times larger.

Section 16 allows changes in baseline and slope for a

set of data already operated on. Section 29 outputs an

averaged line onto punched tape.

An elaborate program such as that described above allows

room for only a little over 500 data points. To process longer

scans, a short version of the Alpha Reader program is used,

in which the variables must be defined by equations. This is

listed following the longer program.

We also give a listing of the deconvolution program, a

modification of one used by J. Logan and C. Mims. Its dialog

has been written out in detail so that its operation should

be self-explanatory
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DECINVILUTI IN PRIGRAWM

J1.04 S €2=0
J1.05 A "NUMBER JF ITERATIJNS? "&gt;CNs, I!

J1.06 A "SCALING FACT3R? '", 58, !

J1.20 A "MAXIMUM PIINTS (BINS) JF CINV “,TC

11.22 F 1I=1,TCs D 1.24

11.23 G 1.25

JMe.24 S HC(I)=03 S MC(I)=0s S NCI)=0

J1.25 T !

J1.26 A “DATA IN TAPE? ",Csl

J1 «28 1 (C~0OYES) 130,5.0,1430

D130 A "LURENTZIAN? “sD!

J1.31 1 (D=OYES) 14051.3651.40

J1e32 F I=1,TC&gt; D 5.0

J1e34 G 1.49

J1e36 F 1=1,TCs D 7.0

138 G 1.449

J1.40 F I=1,TC3 D 1.48

Jedd G 1449

Jes T CHC", %3.0051,5,")= "3A HCI)

Ned9 T 26.02 1," I NJRM CINU",1!

J1.50 F I=1L,TC3D 1.5%

J e54 G 1.59

J1eS58 T %3¢051s %6603 HC(IDS1t3 SS MCI)=HCT:

J1«59 T

J1«60 A "INSTRUMENT FUUNCTIZJN WIDTH (BINS)

Jleb64 F I==(NS=-1)/2,1,(NS+1)/2=-15 D 1.70

Meb66 G 1480

J1¢70 x3 A SH(I); =*;

J1.80 S Z=FNEW(C1)

Jl e882 IF (CI=CN+2) 1.90,1.84,1.84

Jl.84 T $1 ,"BIN FREQ DEC3NV RECJINU'",

3190 F I=1,TC5 D 2.0

Jl e94 G 4.04

LLNS,

J2¢10 S X=03 F J==(NS=-1)/2,1,(NS+1)/2-15 D 3

J220 S NCII)=M(I1)*H(1)/X

J2425 IF (CO-CN+2) 2¢355,2¢30,2430

J2¢30 T 15%20051,%6¢035(I=W(1))%SCHNCI)LX

J2¢35

J3.10 S K=l+d; I (K) 342536253425

J3.20 S K=K+TC3 G 3.30

33¢25 I (K=-TC) 3¢3,3e30,32¥%

03.28 S K=K-TC

J3¢30 S X=X+M(K)%.SH(J)

d.04 S Co=C3+1

J4e¢N05 IF (CI-CNI4e20,4e10,4610

J4e10 A 11,"MIRE ITERATIINS? "LCM!

)4el2 IF (CM=0NJ) 4¢14,4¢3054.14

Jdeld S CN=CN+CMS GT 4.20

M20 F A=1,TC3 D 4.26

4622 G 1e¥2

4.26 S MCAY=NC(A)S S NCA)X=0

34.30 A 1L,"PLAT JRIG CINVIL? ",NQ3

34640 1

Meal GQ

MM.50 S

J4.55 S

34 oe 6O Q

I (Q=0YES)9¢16,9:05,9¢16

L=FNZW(2)3 F I=1,TC3 T NC1J),ts0,"

L=FNEWC(1)
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D510 *3 A H(I),LE3 *3 1 (H(I))5.3

5.20 S 5B=SB+H(1); R

5.30 S H(CI)&gt;=0

06.01 F I=1,403 T 1,%2e00,15%602,HCL)

07.04 A "HIW MANY PLS? “alot

07.06 A "SC? ",SC

720 F K=1,L3 D 7.3

1721 G Te6

3730 T %1, ("FOR PEAK "oK3 G 7.32

J7.32 A {1"LJICATIIN vL,WC(K) L" ABSIRBANCE  "LRK)SH" WIDTH "LP (K)

IJ760 F I=1,TC3 D 7.64

J7.62 R

764 F K=1,L3 D T7466

7666 S HCLI)=HCI)+R(K) /C(CI=-W(KIIRSC/P(K))It2+ 1.

9.05 A "XF? Yo XFslLVYF? "LYFs!
39.06 A "INK? LINK, LIM? ML IMY,!

9.08 F J=1,2003 S Z=FDISCOL,YFxH(1))

39.09 F [=2,TC3 D Yells D 9.13

«10 G Jel6

Mell F IX=20,INX3 D 9.12

D912 S L=FDISIXFx(I=1+(IX/INX))sYFxH(I-1))3

9.13 F 1Y=2,IMY3 D 9J.14

D914 S Z=FDISCXF*)I,YF*(HCI=1)+IYR(CHCI)=HC(LI=1))/1IMY)))
0916 A {,'PLAT DECINWV? Y,RBRTS I (RT=0OYES)I9eS50,Pe18,9450)

09.18 A (L,"PEAK RATIJ? '*» RAS S YF=YF/RA

I9e19 F J=1,2005 S Z=FDISCOLYF*N(1))

09620 F 1=2,TC3 D 9.243 D 9.26

9.22 G 9.50

9.24 F IX=0,INX3 D 9.25

I9e25 S L=FDISCXFR(l=-1+(IX/INX)I)LYFANC(I=1))3

9.26 F 1Y=0L,IMY3 D 9.27

D927 S L=FDISCXFxI,YFR(NCI=1)+IYxC((NCL)=NCL=1))/1M7)))

09.50 A 1,"PLAT INST FiIINCT? *“5TR3 I (TR=UYES)De8,9¢5159¢%

9.51 A |,"PEAK RATIQJ? ",RBs S YF=YF/RB

)9¢52 F J=1,2003 S Z=FDIS(0,SHC(1))

I9¢53 F Iz=z=(NS=1)/2,1,C(NS+1)/2=-15 D 9563 D 9.58

J9¢54 G 98

e556 F IX=0,INX3 D 9.57;

D957 S Z=FDIS(XFx(I+(NS=1)/2+(CIX/INX)),YFxSH(I~1))

)J9.58 F 17=0,IMY3 D 94593

Ie59 S Z=FDISCXF*CI+(NS+1)/2) 5YFR(SHCI=1)+IY®C(SHC(I)=SHC(L=1))/1MY)))

19 850 QA

31610 S Z=FNEW(2);S Z=FNEW(3,300)

31.20 W A

31630 S 4=FNEW(3,30023 S 4=FNEWC1)
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Appendix E : The Tunable Diode Laser

This appendix on the tunable diode laser has two

objectives. One is to show by example that though the

diode laser has its own very different characteristics as

a spectroscopictoolcomparedwiththoseof the parametric

oscillator discussed in Section I C, it also has possibly

serious problems in the measurement of its frequency and

amplitude. The other object is to present, as measures of

performance, some very preliminary lineshape data for

ammonia lines, both for Doppler broadening and pressure

broadening by ammonia and air. These indicate that with more

measurements and some improvement in technique, interesting

experiments can be done.

The theory and operation of the Arthur D. Little diode

laser used in these studies has already been described in

detail in Reference 127. Additional general information on

diode lasers can be found in References 128-130. We will

simply repeat here that the laser output, in the 4.6 and 10.6

micron regions, is very weak, extremely narrow in frequency,

and is easily and continuously tunable by changing the current

passing through the diode.

However, a major problem is the existence of several

laser modes at one current, as shown in Figures 49 through 52.

Figures 49-51 show the diode output at several current settings

as a function of monochromator setting and so frequency. Data

from these measurements and from line overlaps went into making

nH, 1



Figure 49: Scanning monochromator at constant

diode laser current for the 4.6 micron diode.

(Since the monochromator is scanned manually the

frequency scale is actually irregular.) One can

follow the progress of individual modes toward

higher frequency with increasing current. One can

also compare this set of scans with one taken an

hour later, shown in Figures 50 and 51. Comparison

at -1.55 A or -1.575 A shows similar mode structure

but different intensities.

Figure 50: More diode laser monochromator scans,

taken soon after Figure 49

Figure 51: More diode laser monochromator scans-

a continuation of Figure 50.
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Figure 49
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Figure 50 /\

-1.575 A

Ma 1b pnt)  nN

-1.55 A

oo WL
~

am

(po

NA po

L

"MMA

A

-1.525 A

2195

V

\as

%

21 37

2201 —

2199LAreen
2

257



-1.725 A

~~ NN

Figure 51

INA
a

t
)

i

ily

wi 4

2] .7 A

AAS~n Fy .. ”- \ Tt ren
\

-1.675 A
F_

A pn Mr

[

-1.65 A

—
{

A CIN TT ea ~N +
T

t

wig hf \
AAI aA A. AML a NL

-1.6A
\

NrBsr Portes
2202 2704 2206 cmt

ps

2.00

AP ———
—

 — Je

258



Figure 52: Graph of frequency of output of the

4.6 micron diode laser as a function of diode

current. (Since diode characteristics change

over time, the graph is no longer accurate.) The

dots are diode laser output observed a fixed

frequency by scanning the monochromator. The

diagonal lines represent an attempt to organize

the points into modes. The solid horizontal lines

show positions of CO absorption lines, the long and

short dashed lines the positions of pci and pci’

lines, and the two dot-dash lines are HI lines.

Most overlaps of the diode laser modes with absorption

lines predicted by this graph were actually observed.

The modes marked A, B, and C are discussed in the

caption to Figure 53
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Figure 52, showing output in the 4.6 micron region as a

function of current and making an attempt to sort it into

modes. Also Figure 53 gives an example of overlaps with

absorption lines, in which some lines appear more than once

because of parallel modes.

Next we exhibit some results to show that the diode

laser can give plausible results for low density linewidths.

For ammonia at room temperature, the Doppler width is 42

MHz. 131 Figure 54 shows a number of lines at ammonia pressures

of 100 to 560 mtorr, most of which are around 47 MHz wide,

while the narrowest is 41 MHz.

From references 132 and 133, common self-broadened

microwave linewidths are between 20 and 25 MHz/torr. Dividing

the increase in ammonia pressure into the increase in linewidth

for the lines in Figure 55 gives values from 15 to 21 MHz/torr.

(Figure 56 shows two of those lines and an etalon scan, which

must always be used to set the frequency scale.)

Finally, References 132-134 give nitrogen broadened

microwave linewidths of 3.1 to 5.1 MHz/torr for the 1,1 to

12,12 inversions, while oxygen broadened lines are smaller.

Figure 57 shows one of a set of traces taken with around 1 torr

NH, and one of several with 10.9 torr of added air. The

difference between the averages gives 2.7 MHz/torr. (Another

line studied gave 1.8 MHz/torr.)

These linewidths are measured without converting to

absorbance, and with only an =s3timate of where the true base-
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Figure 53: A series of diode laser traces showing

overlaps with absorption lines of CO, HI, and DCl.

The monochromator was at 934 drum setting, corresponding

to 2204 cmt, and had 1 mm entrance and exit slits.

The lock-in amplifier was set at 1 mV sensitivity and

1 second time constant. The diode current scan rate

was .0005 A/sec. In the lowest trace, involving CO

lines and the germanium etalon, the etalon was deliberately

misaligned so the fringes would not obscure the lines.

Referring to Figure 52, a possible interpretation is that

the overlaps are first mode C with the CO line at 2200 cmt

then mode B with the 2203 emt CO line, mode A with the

2202 cnt DC1l line, mode 'B with th HI line, mode A with the

2203 em 1 CO line and then the HI line, and finally mode

B with the CO line around 2206 em 1. This interpretation

assumes that mode B had a somewhat steeper tuning rate than

that drawn (so that the last CO overlap will appear close

to that of mode A with HI) and that mode B did not extend

down far enough on that day to overlap the 2202 — DC1

line.
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Figure 53
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Figure 54: From top to bottom, traces are of an

absorption line due to 107, 195, 288, 400, and 560

mtorr of ammonia, showing the Doppler limit.

Figure 55: From top to bottom, traces are of an

absorption line due to 2.3, 4.6, 5.8, 7.9, 9.2, and

11.5 torr of pure ammonia, illustrating self

broadening.

Figure 56: The same ammonia lines at 2.3 and 4.6

torr as shown in Figure 55, and a trace due to the

germanium etalon, which must always be used to set

the frequency scale. The distance between etalon

peaks is 0.05 cmt
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Figure 57: The upper trace is an absorption line

due to around 1 torr of ammonia only, while the

lower is the same line broadened by 10.9 torr of

added air. The upper trace was taken with the

Cu:Ge detector, the lower with the HgCdTe detector,

which here was much noisier. The difference was

not always so striking, and the fact that the

HgCdTe detector operates at liquid nitrogen

temperature rather than liquid helium makes it

more attractive to operate.
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line is, so the 10 to 20 per cent scatter in repeated line-

width measurements is not unexpected. Uncertainties in

pressure measurement could contribute to twenty per cent

differences observed in measuring identical samples on

different days. But there are other disturbing observations.

One is shown in Figure 58. The broader trace is one of five

measurements on 150 mtorr of NH, alone, all giving 62 MHz to

within a few per cent. The lower trace is one of five more

taken with .77 torr of added air, giving an average width of

only 51 MHz. These experiments were done in order to find

just such an effect, which could be due to Dicke narrowing of

the Doppler linewidth, 133136 But this seems to be the wrong

pressure regime for Dicke narrowing, and subsequent attempts

under similar conditions could never uncover any more clear

evidence for the effect.

Even if the tuning rate stability and spectral purity of

the tunable diode laser were satisfactory, there are problems

with amplitude measurement. Since the tuning range of the

diode laser will obviously not allow choosing a baseline by

looking at the absorption far in the wings of the lines,

intensity measurement must also be accurate and reproducible.

In practice, this means a double beam setup must be used,

because although over short periods of time the amplitude may

be fairly reproducible, over the time needed to record

absorption traces and evacuate the cell the single beam

intensity can change by 20 and 30 per cent. Yet considering
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Figure 58: The lower trace was taken with 150 mtorr

of ammonia only, while the upper (and narrower) trace

had .77 torr added air.

Figure 59: Two successive scans of the same 100 mtorr

pure ammonia line, showing irreproducibility found

when using the diode laser in a single beam configuration.
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the low output power of the diode laser, a double beam setup

would be very difficult to achieve. So even if one diode

laser mode could be tuned without interference over several

wavenumbers, obtaining lineshapes and linewidths at high

pressures would be a difficult task. (Figure 59 is another

example of non-reproducibility.)

Yet there is a type of higher order density effect which

could be studied using the diode laser, with its high signal-

to-noise ratio and narrow bandwidth over short tuning ranges.

Indeed, perhaps this proposed experiment could be done in a

single beam arrangement, making it easier to set up. As

mentioned in Section II A, the logarithmic density dependence

of the lineshape is expected to occur only close to the zero

density resonance frequency, causing some sort of irregularity

on the order of 0.1 emt wide. Since the line shifts with

pressure, the above point would be rather far out on one wing.

So one would look for some lump or dip in the high pressure

absorption scan of one wing which did not appear in the other.

The diode laser, with its sensitivity to small spectral features

might still prove useful in setting an upper limit on possible

logarithmic terms.
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Appendix F : Relation of the Binary Collision Operator to

Widths and Shifts

In the following we discuss the scattering tetradic T

as we define it here in relation to the T operators used

by Fanoi3’, Tp and Albers’, Tp- Then we will give

examples of how the T operator is related to Lorentzian

widths and shifts.

The following discussion is given in order to arrive

at a definition for the width and shift operator {0 =TT, 30

such that in the denominator of the lineshape expression

it appears with a positive sign with respect to fw. As a

preliminary we note that Equation (3) of Fano for the

absorption coefficient is

Re / =o" Tr (p Pp) p)ay

while Equations (3.1) and (3.2) of Albers give

Re / Top ee May or
so the w of Fano is -« in Albers.

of Fano becomes

(91) Tg=WALLTe=\-10Lb Te
~ws=le wry

To get appropriate definitions of the width and shift we will

want T = iTg. But if we substitute this (T = iTo) into

. 37

Equation (91) we obtain not Equation (2.18) of Albers ,

Ta = -3\ A» WaT,

but rather-§T=lL +,2 = 1-1 &amp;T
1 We 132%Le VW . &amp;o
/ o

(92) T = Sb - WG.T

which we take as our definition.

ay
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We now quickly run through the binary collision

expansion and resummation process to show that Equation (92)

gives the desired result. With o denoting a pair of

particles, To = TW « = Wy GoTo says
o /

1 oe Go AS /
a ——— — 1 Lo G

To Go SERAMEN XT
LZ vo \

o © wo — \ _\ ol ——

(Tho* LoD™ = [7 Rhee T9LF3L

- ay /

= Go — Go Wo Gy = GY GoTo Ge

So we can write G=G.~ Z,GIN, Q oe and

= — z G&amp;G LY GQ Ea G = G 1 G
G Gy. Mody! 82a w &amp;, Se A Ro

and use the second equation to iterate the first, obtaining

G = GG, ~ Zz GoTo Go + Z GeVy, Ge Tp Ga X
ol ot nord

So eventually after averaging we get

Tr p (RM “RM LOR ¥ RAWAL) ROLAORO =...) 20 p

where RU) =e» +» Thpe(1) y~) and resumming gives us

93) Ty p» Gor Tne UW #200)2

where the linewidth operator pL) does indeed appear with a

positive sign.

If we use Equation (55) of Fano for the scattering

tetradic we can obtain the analog of Equation (A.8) of Albers&gt;t

or of Equation (D.18) of Reference 39, (writing the volume

normalization of the t matrices explicitly) ’

TVaocd = I Nae (Bg) Deg -X v3 (Ered
Np

Y hil d &amp; ah -E PEI (RY) &gt; A311 J Ey hook PN) ¥al RQ:x2 (En) )
YH RA

There are more terms in the evr ression for the T operator

(9 +)
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given by Fano. In the discussion following his Equation (55)

he explains that they describe transient,or duration of

collision effects, and can be ignored in the impact

approximation. Also in Appendix D of Reference 39 it is

shown that this ignoring of terms not in Equation (94)

corresponds to the k-»0 limit of To (33. 28. D6 Re)

To _ 2h _ 2n

where k = Pq py-

If we look at T pab’ and make the approximation W= gq

Equation (94) becomes

95) (rao - rd» 207 SCE Bad Fag Min )
vy V+ y™

We now want to look at the consequences of our definition

of T on its relation to line widths and shifts. First the

presence of the weighting factor Pa or Fs apRs in the

lineshape expression tells us that in Llabow) or Loe ais the

initial state, and so in absorption it is the lower state. We

want Wye=See to be greater than zero, and if e€, and eyare

negative, we want Yeq)&gt;leypl, or &amp;q should indeed be the ground

state energy. (In Anderson theory-1 the frequency is also Wg «)

The Anderson theory lineshift appearing in the Lorentzian

(for instance in Equation (78) of Reference 138), nvwe&amp;s, is

proportional to VV or V Vy and AV , the experimentally

observed shift is “VES VioV,- So looking at the first Born

approximation to Equation (94), Yen£.on(T(Voo~Ye=Ya=VX&amp;5

To check against Fano, since his (vo is -w of Albers, his

Equation (1) has a perturbed frequency of TOpa= dpa = Wea

FE
7



that his shift d « 69 (and his Equation (57)) is doc VV

Fano says that in (Wg -Waoe LM ae) the shift d = Re&lt;M

So by “&amp;=&lt;M.7, d = YL , so again Imd_oces.

In absorption, most shifts of HCl and HF lines due to

collisions with rare gas atoms are experimentally observed

to be negative (red), meaning that 69 is positive. t?r13:19.24

Now 6f Inf = Via Vpps and since €§70, V_&gt;V,,. But V__

and Vib are negative if attractive, so VV,1 VW) when

averaged over those collisions which contribute to shifts.

This is plausible if we ascribe shifts primarily to long

range collisions where forces are attractive. One might indeed

expect the upper state to be more attractive because of its

greater average size due to vibrational excitation and

therefore its greater polarizability. Thus with the upper

state shifted down more by this weighted average than the

lower state, a red shift results. (There are also rotational

effects which for low J can increase the importance of the

repulsive part of the potencial, which one would expect to

be higher at a given intermolecular distance for the larger

upper state ,and even lead to a blue shift,

Fanol37 says that in (=o LM) the Lorentzian width w

corresponding to the Anderson theory 31 width W6&amp;,is-\m&lt;IA7,

which is Red by -3% &lt;M». (Also in Cattani,®’ his T is our £

and his shift term se« -Im H is the experimentally reported

shift.) And indeed from Equation (93) we see that Re ed aois

the theoretical quantity corresponding to the observed half
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width AVy, .

That p&amp;p is itself positive can be seen using a version

of the optical theorem, 1&gt;° for instance as in Equation (19.74)

of Reference 98,

Taq=FosV=“LiveYaa=1% Z SCE Eod¥eqea

Then the first two terms of Equation (95) become

96) AW Z Or FICE EL) * 14 VF SRE)

an expression which is manifestly positive. Especially in the

limit that Vi is very much like Vr one can just as easily see

that the third term of Equation (95) is negative. However in

this limit it is related to the elastic cross section, while

Equation (96) is related in the same way to the larger total

scattering cross section, so that the difference is positive.

So in summary in the approximations of Anderson theory L

will become VvV{(6&amp;.,.*%¢3), and from Equation (21) of Fano,

- {oop SL ae= HUM)! with -wp=w and &lt;M 7P ed we obtain (Towne) +o)

in our lineshape expression.

A final word of caution is in order. When our £ is

reduced to a number, in the Lorentzian function Yeon su )* *7*)

when the distance from line center squared, (w-0Q* equals y*,

the value of the function is 1/2. So theoretically we are

computing the half width at half maximum (HWHM). The full

width at half maximum (FWHM) is twice that, and either may be

reported in experimental papers.
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Appendix G : Determination of Cutoff ks for a Square Well

In this appendix we wish to gain an estimate of the upper

limit cutoff wave vector ko by approximating the k dependence

of the T operators in the simplest possible way. We use the

a 2 Ty

first Born approximation and simply look at Y(EX,Q)=/aFe Nn).

We first take a step function for our potential, Vir,,) = &amp;yw

\ ro 2 swXr
£ &gt;r . “ - Laks

for 0 ri, $&lt; r and 0 for ri, 7 TL, Then by / Au e v

and Sx sw ax dx = Yak Sax ~Xconax |

VEXG0) = HA (Sa snr = Gu Ya con Xr),
3

while V(O,0) = “yey Wa.

To determine the effective k, due to two k dependent Tyo

factors, we solve

5 3
eo sn XY¥w _ ¥ L_ XX Yeo, \~ vl,

07) fax NE “2 o0Xxy) =/ AC ™AY =X (VA)

or, changing to a dimensionless K by R, = Pr,/% , Equation (97)

becomes
d

¥oos 2 ¢ KRW Ru coe XRa VELx (Fe Yor Ra, \F
06)WsBe CRE Pra eon YE L(Y (Re)

For Pi being the thermal average momentum and La on the order

of 3 A, R is 100. We can note that since J, (%)= SNE “zs and

1

JER = (Magn )HI4R) the integral in Equation (98) is |

(99) HS or (smi - O22 = fy, 0)
wo SCN ROT RY ve RA AY

On page 331 of Volume 1 of Reference 140 we find that Mellin

co -

transform (33) is J Jp ax)Jy Cax I x2 ax , a&gt;O
s-\ -% _ Vou ¥» hu al

L ao 15) 5, PTL Le) Sov -Re (rv I&lt; Res) &lt;)

POV -p-Yh 541) Tp ~20-Y%s+)

where the beta function B(x,y) = Tae) s Tln-\)= Pia), jy rand Tnd=(n-1),
X+y =

So Equation (99) pecones Hg RS . (The same result is also

7

2 Q(



obtained using the Hankel transform 8.11 (4) on page 4 of

Volume 2 of Reference 140.) This means that k is Mey

or approximately 1/1.7A for r, around 3 A.

We can also investigate more complicated step function

. » . L 4

potentials, such as one for which V(ry,) is &amp;y for 0 rio ry

c ] : .

a for ry $ rio8T and 0 for Ti,” ry For this, ks is
. = V 2

defined by J (er eakl J, 0k) CARD, (RRO $4
 NY oS w, Rake V1 4 “Ral 1 5

= (eget REL earea™ (on JR CEN (rir) «f sRa

d
3 2

= X, (Cex €) (Rey &gt; €q Red)

But the hypergeometric function °F is difficult to evaluate,

so numerical integration was used for several examples. For

this potential the results depend on the relative sizes of €&amp;4

and €, , where in the simplest case the value of LN was

independent of e,,. So for instance for the choices &amp;.= 4,

€q = -1, ry = 3 A, and r = 6 A, ko is around 1/2.1 A, while

for ey,= 4, €q = 1, r, = 3 A and r, = 6 A, ks is around 1/3A.

In the estimates made in Section II we will take rs the

reciprocal of LN to be 3 A, but this is obviously only an

order of magnitude guess.
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Appendix H : The Jacobian between Bis and pi,

From Ty3 we have an integration over the angles of Pygr

the momentum after the 1-3 collision, but we would rather

integrate over the angles of Py,» which appears in the Gg

denominator. So in two dimensions we need the Jacobian

5 - Plog

By momentum conservation, ?’ &amp; Pa = Tox Py , oF

—-, a - - = oo! _ 9 a )

pn - pf = Py “P35 » so that Pos n- VL fn = 0 en” © ‘vay is

&gt;, -- =, =, ?/ _® _?/ By
YT ys (R “vr, * ila, “Pn mT) = en 0 i Jeon, "4a, ¥ 34a)

oy $4 RY
= en (Ra Te)

Therefore,

f 1 4 = / / rN / / / I

(100) fa x Py os On - (Rf) cv@ - pcos ))

and

(101) Pyy = Py on Of - (4)(rysm)~p/sn®,))

so that

OP ™ J ” (™ /

¥

and so on. So with Op = Yan Poy pd 3

Onso=, =a (20) Rx ' 2)
00, = (EXQLIAL ro Px ali RY)

(103) vg, REx Loo, Tex

(3) (Ry x Pax ¥ Aly Puy ) = (2) PL Py

(Fr (eit CT EE
In three dimensions, we can shorten our path to the

. . " . m 3 " 1" n"n

Jacobian by first transforming dp 3 into ( 1/7) dP, P12y P15,
n — —t wilh

and into ("8% dpf ORapw an dey dy Then Ff = (%)(FoRI»

means that pl=((RVMIR-RIF+r*+LCF(RmRa)2 So using
 MN y

Pz gn = Fog 4 and so on, we find

dp \ wma, ay E34 ™ PP - = Pu

(104) “Bray = Ver (A) Gu-83) 7 YEP = Vor (=) ms



so that

“50 "nl hy =
Dos BLY _ rw

£105) J = XD 1D (cee! on) = CY) Pi “pAt fv Pry ‘ef ol

Since this is an important result, it is worth while to

also obtain it straightforwardly. We use )

u / 7 cond.” -(2) (pd SNE cay, - , snd, «spy )Ry x = Ry oN, 05P,-(3.4) (ey, 1

l / / s @ / ™m ) (¢ / an © ! sng - Ry SNOy sng )(106) PFyy= fy ny SN Ww CF nw w

/ u /”

r= pl wos! - (2) (p08"Py ws8)
oz” ¢ : ‘x i u =P © = Pat, u

- (©

and ONS, con® =~ Zn® |

We will want 141 Ta of . 1
&lt; [ROR they pr (oe

Ds ‘dws = L Pg plo (LP (2

‘1 y ™) ” cos®” 4 2 &amp; C20)ey con® sng |

" 7 pen yg

2b Ran Prax Py (=) (2) Pax Bex
Poe” = m Lol yA &gt; (pl )P

nL 2 Pax= Cir id) Pix D

ind

(109) Jeux)hoop 5Vy * Lenny (enLp dx (2)rdy“Paz, (- /On, - odAOS ob

times

Opry Rex” -p4 / n
(110) ows g) = 1 Py (C2) I ccs) PE cose ¥» Po own g’- (Ga) = — ROR )

We denote the two terms in square brackets in Equation (107)

4 y #

as A and B, and first look at ® OP np - eb @y iY OP /y es 0
/” yaa \Z

oma bout y —

111) Ry (hs a ¥ RUF) CI SN OY Nn
AK v # " ha ¥ SU
I 2q¢y CoB’ (ply ply ¥ fax Pax) ¥ Logy SB (Loan Bily~ IRS yPox)

/

¥ Lavy OQ) (ply Rly ¥ Rix Px) * Lex sng! (Lek, 00% ~Lriey Pax)|

-“
-

) QQ



The terms in the square bracket in Equation (111) reduce to

/ / v L yA

Ley” so ©) Cogx™ * ply IN

so that the entire contribution is

1 i &amp; y

Cn) Pig MERE,
iG Rit

\S/ vqThen A “"% dp is

"A (Zh bo yol of WER L al Hl ™, Lo J » non
pt} Ry) ~ (PayPuy Ax Ryy/A ? u a (Pi - faz) = (=) _ Cony uy ¥ PaxRax)

5 eso

} } You 2p." Bua on fa 2
So J 1s indeed (=) ~R wn Yn put

It is interesting to compare the result, a x?, of

integrating Song 30 {ah sme) AQ dg an 2a0, ag over two "delta

plus" functions, (1d(o-ue) = SPs.) ) , with u being cos and
20 Au

cos oy with that obtained by including (2) PS Pu fu in the

integration.

First we do the @ integrals, using Equations (106) and

PA 8 at 2
A ang Ag = o=/ coo Ppde | / swrpdg == / cos pdg

We obtain

) LMA Lad om ¥ I i

(112) ‘Ra (2x) (on) (xt sw 6, (3h) *Iv w0,) (pL -CR) (Bf 8, -p &gt; Q)

The delta functions say that sin qin the first term goes to 1,

while cos goes to zero. But the second term has a

contribution from
" n ly

cy ne, 3

((B-wpad* Xf os) A (C-00)
and from the same integration over =¥ . So with a factor of

/

two from the M integration, we obtain L (ia)® (Dm) (vw *-- LVAD

If we say P15/Py3 averages to around one, and choose the case

5
of equal masses, so (m, /m) = 2, then this is about Vx), so

comparing with around 10 a) without integrating over J, we might

conclude that J is worth about 4. But there are enough
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considerations which have been left out of the calculation

that we are as well justified in simply ignoring J, that

is, taking it to be 1, as we are in assuming some other

effective value.
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