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VIBRATIONAL RELAXATION 
PHENONENA IN TRIATONIC GASES 

INTRODUCT ION 

The process by which a system attains therino- 

dynamic equilibrium is commonly referred to as a re- 

laxation process. This process is, in general, one of 

redistribution of energy between the various degrees of 

freedom of the system so as to attain the equilibrium 

distribution of energy. In any real physical system 

the relaxation process is not instantaneous but proceeds 

at a finite rate determined by the physical properties 

of the system and the instantaneous departure from 

equilibrium. 

In most cases of interest, the rate of adjustment 

for a particular degree of freedom is directly pro- 

portional to the difference between the actual energy 

content and the equilibrium energy for the given degree 

of freedom. In other words, the relaxation process is 

a first order reaction and therefore has a rate constant 

with dimensions of reciprocal time. The inverse of the 

rate constant, with dimensions of time, is referred to 

as the relaxation time of the adjustment process. 

In particular, the vibrational relaxation process 

is one concerning the adjustment of the vibrational 
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energy of a molecule. This process is in reality a 

combination of several processes each having a relax- 

ation time associated with it. The various competing 

processes include the interconversion of' vibrational 

and radiant energy by the emission or absorption of 

photons, and the interconversion of vibrational energy 

with electronic, rotational, or translational energy. 

Another important process is the interconversion of 

vibrational energy from one vibrational mode to another 

mode in the same or in a different molecule. 

Although all of the above mentioned processes 

must be considered as contributing to the rate constant 

or vibrational relaxation time, in many cases the picture 

may be simplified due to fortuitous circumstances which 

permit one to neglect or combine some of the processes. 

For example, in many cases of interest the vibrational 

relaxation process may be considered primarily an ad- 

justment between vibrational and translational energy. 

In this case the absorption of photons may or may not 

take place depending on the presence or absence of a 

radiation field of suitable frequency. The spontaneous 

emission of photons may often be neglected due to the 

relatively low probability of emission in relation to 

the conversion to translational energy. (For example, 

the mean lifetimes against emission for the high and 
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middle frequency fundamental vibration bands in N20 are 

k and 62 milliseconds respectively.) The interconversion 

with electronic states may ordinarily be neglected since 

the electronic configuration remains in the ground state 

throughout the process. Finally, the rate of adjustment 

of rotational and translational energy is normally 

several orders of magnitude more rapid than the rate of 

adjustment between either rotational or translational 

and vibrational energy and. hence the adjustment between 

vibrational and rotational-translational energy becomes 

the rate determining step. 

I.f any non-isothermal change, such as an adiabatic 

expansion or compression, is applied to a gaseous system 

the deficiency or excess of translational energy is re- 

distributed to the other degrees of freedom in the system 

including the vibrational degrees of freedom. If the 

change is made rapid compared with the vibrational relax- 

ation time, the system will not be able to maintain a 

Boltzmann equilibrium with the vibrational modes of the 

molecules and hence will suffer a loss of heat capacity 

due to the inaccessibility of vibrational heat capacity. 

historically (G), the observation of an increase in the 

velocity of sound at high frequencies due to just such 

a change in heat capacity created an interest in vibra- 

tional relaxation processes. Nore recently, studies of 



various rapid, nonequilibrium phenomena such as shock 

waves (5), detonations and high velocity jets (9), as 

in rocket exhaust, have necessitated the consideration 

of vibrational relaxation processes. Moreover, an in- 

vestigation of vibrational relaxation processes may 

make an important contribution to the theory of molec- 

ular collisions. 

The mechanism of the energy redistribution pro- 

cess has been investigated theoretically from a classical 

(l) and more recently a quantum (17) (18) and statisical 

mechanical (15) viewpoint. While differing in many de- 

tails, all approaches give basically similar results. 

Among other things, the rate of adjustment, as predicted 

from the theory, should be strongly dependent on the 

reduced mass of the colliding system and on the amount 

of energy exchanged. As a result of the energy depend- 

ence a gas with two or more vibrational modes of differ- 

ent energy should have a different relaxation time for 

each mode e 

The first measurements of the vibrational relax- 

ation time and. the majority of the measurements to date 

have been made by acoustic dispersion experiments. 

3everal other methods have been used however, including 

shock wave studies, steady state flow through a nozzle, 

and recently the spectrophone. Turrell (23, p. 1-8) 
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gives a very good. historical discussion of these methods. 

In all of these methods, with the exception of 

the spectrophone method, the system is placed in a non- 

equilibrium state by the addition or removal of trans- 

lational energy. iith these methods the rate of adjust- 

ment is not measured directly but is inferred by varying 

the rate or manner in which energy is added to the 

system and observing the manner in which the absorption 

and/or propagation of energy by the system changes. This 

change, such as the increase in the velocity of sound at 

high frequencies, is then attributed to a decrease in 

the heat capacity of the system due to heat capacity of 

the vibrational mode(s) becoming unavailable to the 

system when the rate of introduction and removal of 

energy exceeds the rate of adjustment of the vibrational 

mode(s). 

This procedure has several disadvantages. One of 

these is the practical difficulty of continuously vary- 

ing the rate or manner of energy change to be imposed 

on the system, particularly when the variation must be 

made over a wide range. Another difficulty lies in the 

fact that, in the case of a polyatomic gas, it is Im- 

possible to specify to which vibrational mode the excess 

translational energy will be converted, hence, the rate 

of adjustment for each vibrational mode cannot be studied 



separately. 

Cf the many relaxation time measurements on poly- 

atomic molecules reported to date only two (12) (19) 

have reported more than a single relaxation time. The 

theory on the other hand often predicts different re- 

laxation times for the various vibrational modes of a 

single molecule that vary by orders of magnitude. 

The spectrophone method for the measurement of 

vibrational relaxation times was proposed in 1946 by 

Gorelik (4). This method has been since used by 

Slobodskaya (20), Turrell (23), Jacox and Bauer (7) 

and Jones (8). 

In the spectrophone, one puts energy into the 

vibrational mode(s) of the system and. then observes the 

increase in translational energy as a pressure increase 

in the gas cell. The main advantage of this method, 

other than its apparent simplicity, is the possibility 

of studying each vibrational mode separately by using 

monochromatic radiation to excite the desired mode. 

The work to be described was undertaken with the 

idea of attempting to observe more than one relax.tion 

time in a polyatomic molecule by the use of the spectro- 

phone method. The gas chosen, N20, has the advantage 

of having three infrared active fundamental vibrational 

modes, two of which are usable in spectrophone studies 
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with the equipment available. Furthermore, these 

absorption bands do not overlap appreciably with 

atmospheric absorptions and hence more energy from the 

monochromator will be available to excite the ras. 



APPARATU3 

The basic experimental setup is shown in Figure 1. 

The radiation source, monochroinator and chopper are all 

part oÍ a J. erkin-i'lrner Model 112C infrared spectrometer 

which has been modified as described below. The radi- 

ation source is a standard water cooled "Globar't. 3ince 

this spectrometer uses the Walsh double-pass system the 

chopping is actually done before the second pass through 

the prism. The prisms used are lithium fluoride, sodium 

chloride, and potassium bromide. 

The spectrometer is modified by removing the small 

mirror just after the exit slit, thus allowing the mono- 

chromatic chopped infrared beam to enter the gas cell 

which is placed in approximately the position formerly 

occupied by the mirror. Due to the size of the gas cell 

and the associated electronic equipment mounted on it, 

the normal monochromator cover is not used but instead 

is replaced by a larger cover constructed of cardboard 

and painted a dull black to reduce stray radiation and 

reflections. 

The gas cell is a ierkin-Elmer Trinon gas analyzer 

cell. This cell is basically a steel block approximately 

10 cm on a side containing a main gas chamber approx- 

imately 9 cm long and 3 cm in diameter. The open end of 
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chamber is covered with a sodium chloride window to 

allow the infrared beam to enter the chamber. A smaller 

chamber containing a capacitor microphone is connected 

to the main chamber by a i cm diameter hole. This 

capacitor microphone serves to convert pressure changes 

in the as cell into capacity changes which in turn are 

converted to an electrical signal as described later. 

The electrical signal is then fed into an electronic 

delay time measuring device along with a reference 

signal from the chopper. 

The electronic delay time measuring circuitry 

is also shown in the block diagram of Figure 1 and de- 

tailed schematics of the various circuits are shown in 

several of the following figures. 

The changes in capacity of the capacitor micro- 

phone are converted to an electrical signal by the con- 

verter which is an integral part of the Trinon gas 

analyzer cell and is mounted directly on top of the steel 

block containing the ga chamber and capacitor micro- 

phone. As shown in the converter schematic, Figure 2, 

the capacitor microphone forms part of the tuned grid 

circuit of a tuned grid-tuned anode oscillator. In 

operation the tuned anode circuit is detuned from exact 

resonance with the grid circuit by means of the 35 pf 

variable capacitor. 
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The amount of' detuning is adjusted to give max- 

imum change of oscillator anode current for a given 

change in capacity of the capacitor microphone. This 

point is approximately at 7 of the anode current at 

exact resonance of the anode and grid circuits. 

iiounted directly above the gas cell is the pre- 

amplifier whose schematic is also shown in Figure 2. 

The main purpose of this amplifier is to increase the 

signal level to a suitable point such that the signal 

may be sent through several feet of shielded cable to 

the main amplifier without decreasing the signal to 

noise ratio by spurious sia1s induced in the cable. 

Inasmucn as the signal to noise ratio is apparently 

determined in the Trinon assembly no extreme measures 

were necessary to reduce noise in the preamilifier. The 

circuit, therefore, consists of a conventional pentode 

amplifier followed by a direct coupled cathode follower 

to provide a lower output impedance and hence lower loss 

and noise pickup in the following cable. The heater and 

anode power for the convertor are supplied from the pre- 

amplifier chassis which includes a meter jack for meter- 

ing the converter anode currect as an aid to tuning. 

Direct current is required for the tube heater in the 

converter to prevent hum pickup and is also used in the 

preamplifier for simplicity in power cable wiring and to 
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eliminate the possibility of hum pickupe 

12he output signal from the preamplifier is fed 

through a coaxial cable to a rack containing the re- 

mainder of the electronic circuits and the associated 

power supDlies. Additional cables from the rack supply 

power to the preamplifier chassis and receive the 

reference signal from the chopper assembly. 

Upon reaching the main rack, the signal is 

attenuated by a step type attenuator having a total re- 

sistance of approximately 0.5 megohms. The attenuation 

factor is variable from unity (no attenuation) to approx- 

imately lO in ten steps. 

The attenuated signal is next amplified by the 

main amplifier whose schematic is shown in Figure 3. 

This amplifier is part of a Perkin-Elmer 13 c/s amplifier 

originally designed for use in the Trinon gas analyzer. 

The amplifier is broadly tuned by means of resistance- 

capacitance networks. lxi the particular amplifier in 

use the peak response is actually at 9 c/s but the 

response is so broad (the 3 db points are 3.5 and 21 c/s) 

that the response is only down 0.6 db at 13 c/s. At 60 

and 120 c/s, however, the response is down N.6 and 27.5 

db respectively which aids materially in rejecting 

spurious signals resulting from hum and ripple pickup. 

The amplifier has two cascaded triode voltage amplifier 
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stases Ío11owed by a split load, phase inverter output 

stages The output is thus available as two signals of 

equal amplitude but 1800 out of phase. 

After leaving the main amplifier the signal is 

fed to two different circuits. 

One of these circuits is the output metering 

circuit shown in Figure 4. The signal from both main 

amplifier outputs is applied through dropping resistors 

to a small full-wave bridge rectifier to provide on the 

order of 25 millivolts dc from full amplifier output. 

This voltage is indicated by a meter mounted on the main 

rack and is also passed through a variable time-constant 

filter and thence to a 3peedoinax strip chart recording 

potentiometer to provide a continuous record of the 

signal amplitude. 

In order to make delay time measurements a 

reference signal, fixed in phase with respect to the 

chopped infrared radiation, is necessary. A means of 

generating this signal is fortuitously provided by a 

spare breaker switch mounted on the chopper shaft. This 

switch, originally intended to generate a test signal 

for the infrared spectrometer amplifiers, is open for 

half the rotation of the chopper shaft and closed for 

the other half. 
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The two wires from the breaker switch are brought 

to the refereuce pulse generator circuit on the main 

rack. This circuit, shown in Figure 5, provides two 

1 c/s square wave outputs. The first of these has a 

peak to peak amplitude of 7.5 volts and is used as a 

triggering signal for the oscilloscope sweep. The second 

output has an amplitude of about 75 volts and is used to 

gate the time base generator. 

The time base generator, as shown in Figure 5, 

is a conventional shock excited oscillator. The first 

triode in this circuit acts as a switch, causing a 

current to flow through the inductance in its cathode 

lead during the positive half of the gating signal from 

the reference signal generator, and cutting off the 

current completely during the negative half of the gating 

signal cycle. The abrupt cessation of current causes 

damped oscillations in the LC circuit. The second triode 

acts as a regenerative amplifier to maintain the oscil- 

lations at a constant amr:litude, The frequency of the 

time base generator oscillations is approximately 780 

c/s and due to the manner in which they are generated, 

each batch of 30 time base oscillations, which occur 

during the negative half of the gating signal, should 

start at exactly the same time with respect to the 

radiation chopper. Furthermore, each of the individual 
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time base oscillations should be fixed in time with 

respect to the radiation chopper. 

The output signal from the tite base generator 

is fed to the 1 input of the mixer shown in Figure 6. 

At the same time, the 2 output from the main amplifier 

is fed into the 2 input of the mixer circuit. After 

an additional stage of amplification for the main signal, 

the time base signal is mixed with it in the mixer tube. 

The mixer tube (6BN6) has two independent control grids 

each having sharp cutoff characteristics. The two 

signals to be mixed are each applied to one of the con- 

trol grids with sufficient amplitude to drive the grid 

to cut off during most of the negative half of the cycle 

and into the positive grid region during most of the 

positive half of the cycle. since the circuit is 

arranged such that considerable limiting takes place 

when a control grid is positive, the output consists of 

a trapezoidal waveform when a large anplitude sine wave 

is applied to either grid. The larger the input ampli- 

tude the closer the output resembles a square wave. 

Jhen two signals are applied to the two control grids 

simultaneously the output is the product of the outputs 

that would result from applying the two inputs individ- 

ually. 
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The output signal from the mixer is finally 

applied to the vertical deflection amplifier input of 

a DuJ'lont type 30'4- oscilloscope. The previously mentioned 

trigger signal from the reference signal generator is 

connected to the external sync input on the oscilloscope. 

Power for the various circuits is supplied by 

three separate power supplies. The main amplifier, pre- 

amplifier, and converter are all supplied from a power 

supply manufactured by the Perkin-Elmer Corporation 

particularly for this purpose. The anode voltage of 

approximately 235 volts is regulated by a series tube 

regulator of conventional design. Two 6.3 volt ac out- 

puts are provided, one of which is used as a heater 

supply for the main amplifier. By connecting the two 

outputs in series a total of 12.6 volts is available. 

The 12.6 volts is rectified by a full-wave bridge using 

four small magnesium-copper sulfide rectifiers. The 

resulting direct current is dropped to 6 volts and 

filtered by a resistance-capacitance filter. Further 

ripple reduction and regulation is obtained by 'floating' 

a lead storage battery across the 6 volts dc. This 

voltage source is used as the heater supply for the pre- 

amplifier and converter. 

The reference signal generator and the time base 

generator are supplied by a Lambda lectronics Corporation 



Nodel 28 series tube regulated power supply. The direct 

current output of this supply is adjustable between 200 

and 0O volts anci is set at 250 volts for this apparatus. 

The tube heaters are operated on 6.3 volts ac from the 

power supply. 

The power supply for the mixer circuit, including 

the triode amplifier stage mounted on the same sub- 

chassis, is a conventional full-wave rectifier with a 

capacitor input ¶-section LO filter whose direct current 

output is regulated by two cold cathode gas discharge 

voltage regulator tubes, in series, giving the required 

150 and 300 volts output. This power supply also pro- 

vides 6.3 volts ac for the tube heaters. 

Since the total power supply requirements are 

not large (less than 35 ma for the anode supply and 

3 amps for the heaters) the use of a single power supply, 

with suitable decoupling filters between some of the 

stages, would be entirely feasible. In fact, the Perkin- 

Elmer power supply (240 volts dc at 4-0 ma two 6.3 volts 

ac at 2 amps) should be sufficient. The use of three 

separate power supplies arose during the design, con- 

struction and testing of the individual circuits when 

it was convenient to use separate supplies to eliminate 

the possibility of coupling, through the power supply, 

between various circuits while attempting to evaluate 
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the performance of an individual circuit... Jhen the 

apparatus was comjleted the three supplies were left 

in place to eliminate the need for decoupling networks 

and for the convenience provided in being able to turn 

off the mixer, time base generator and reference signal 

generator when they were not being used. 



EPERINßNTAL PROC'BURE 

Two different types of measurements may be made 

with the apparatus described in the preceding section. 

They are delay time measurements at various discrete 

frequencies of the infrared radiation, and signal ampli- 

tude versus infrared frequency. Common to both measure- 

ments is the gas cell and, due to the difficulty in 

filling the cell, once a mixture is placed in the cell 

all measurements on that particular mixture are made be- 

fore changing the mixture. 

Sample Preparation 

The gas sample is prepared in a gas handling and 

mixing system described by Jones (8, p. 35-37). Briefly, 

this system consists of a vacuum pump, manifold, various 

inlets and outlets, vacuum gages, cold traps, and storage 

bulb. Ereparation of the gas mixture is begun by evac- 

uatìng the entire system and slowly admitting a gas to 

the desired pressure. After closing the stopcock at 

the storage bulb the manifold is re-evacuated and a 

second gas is admitted to the manifold at a pressure 

higher than that in the storage bulb. The gas is then 

slowly and carefully bled from the manifold into the 

storage bulb, always maintaining a slight 2ositive 

pressure diffe'ntial between the manifold nd storage 
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bulb to prevent loss of the first gas from the storage 

bulb. As the desired total pressure is approached the 

pressure differential is allowed to slowly drop to zero 

in order that the total pressure may be read from the 

manifold manometer before the storage bulb stopcock is 

closed. In order to assure complete mixing the mixture 

may be stirred by a magnetically driven vane mounted in 

the storage bulb or the mixture may be merely allowed 

to stand for a suitable time to assure mixing by dif- 

fus ion. 

Estimates based on the results of Smith (21) 

indicate that essentially complete (>99%) mixing may 

be assured by allowing the mixture to stand for ten 

hours. 

The gas cell is emptied and filled using the same 

gas handling system. A sample is introduced or removed 

from the cell by means of two Iloke valves, one opening 

into the rear of the main chamber and the other into the 

rear of the microphone chamber. Two openings are neces- 

sary to prevent any appreciable pressure differential 

across the microphone diaphragm. Since the microphone 

must be very thin and fragile in order to respond to the 

small pressure variations in the cell, extreme caution 

must be exercised while emptying or filling to prevent 

the rupture of the diaphragm. 
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To empty the cell, the two valve outlets are 

first connected to the vacuum manifold through a 

connection and needle valve. rower is applied to the 

converter and. a milliamxneter is p1ugeci into the meter 

jack on the preamplifier chassis. This meter, which 

indicates anode current in the converter, serves to 

indicate deflections of the microphone diaphragm. With 

the cell valves closed, the system up to the valves is 

evacuated and then the needle valve between the cell and 

the vacuum manifold is closed. The cell valves are then 

alternately opened a very small amount at a time while 

watching the meter deflections to see that the jressure 

differential across the microphone is kept as small as 

possible. The manufacturer of the cell reconìinends that 

the meter deflections not exceed 0.5 milliamperes. fter 

the cell valves have been properly opened, the needle 

valve is carefully opened again keeping the meter de- 

flections small. After the valves are open the system 

is pumped down for an hour or more to insure suitable 

evacuation of the cell. 

Filling of the cell is most conveniently done 

immediately after emptying while the cell valves are 

still open and presumably properly adjusted to main- 

tain equal pressure on both sides of the microphone 

diaphragm. The cell is filled by slowly bleeding the 
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sample from the storage bulb through part of the mani- 

fold and the needle valve. As in the emptying procedure, 

the meter deflections must be kept as small as possible 

to avoid microphone damage. After the pressure in the 

system has come to equilibrium the cell pressure is read 

from the manometer in the gas handling system. The cell 

valves are then closed and the cell disconnected from 

the system. 

Cell Ad;justments 

Once a sample is in the cell, the cell is placed 

close behind the exit slit of the monochromator using a 

shock absorbing pad to bring the cell up to the proper 

height. This pad, approximately one inch thick, is made 

of layers of plywood, soft rubber, and medium rubber and 

quite effectively reduces the transmission of vibrations 

from the chopper system to the microphone. After making 

power supply and signal connections between the cell- 

preamplifier assembly and the main rack, power is applied 

to the electronic circuits and the apparatus allowed to 

ttwarm upe' for at least 30 minutes. The primary reason 

for the ttwarra up" period is the drift of resonant fre- 

quency of the timed circuits in the converter. This 

drift, caused by heat from the 6AK5, actually continues 

for several hours but after the first half-hour may be 



corrected by only occasional retunin. 

iîter the "warm up" is completed the tuning 

capacitor in the converter is adjusted to cive maximum 

anode current as indicated by a inillianieter lugged into 

the meter jack on the preamplifier chassis. Then the 

maximum current has been determined, the circuit is then 

detuned by decreasing the capacitnee of' the tuning 

capacitor until the current is about 75 of the maximum. 

In order to optimize the tuning adjustment, the giobar 

and chopper are turned on, the monochromator slits 

opened fairly wide, the monochromator set to pass radiant 

energy of a wavelength that will be absorbed by the 

sample in the celi and the tuning capacitor adjusted to 

give maximum siaai output as indicated by the output 

meter or recorder. The converter anode current corre- 

sponding to maximum fortunately is quite stable over 

long periods of time and. hence to correct for the slow 

thermal drift in the tuned circuits it is only necessary 

to reset the anode current, by means of the variable 

capacitor, to the previously determined current corre- 

sponding to the maximum signal. In the cell and con- 

verter used in this work the optimum current was 2.79 

milliamperes. 
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Signal mplitude Neasurements 

To make the signal amplitude versus infrared 

frequency measurements the circuits are "tuned" as 

described above, the Littrow mirror drive unit on the 

monochromator set to scan through the desired portion 

of the spectrum, and. the rectified output of the main 

amplifier recorded on the strip chart recorder. In 

this mode of operation there are, of course, a number 

of details concerning the adjustment of various param- 

eters of the experiment to be considered. Nost of these 

parameters are the same ones that are of concern in 

ordinary infrared absorption spectroscopy. 

The various parameters are: slit width, scanning 

rate, amplifier gain, band width, and recording rate. 

While independent adjustments are provided for these 

parameters, the asable ranges of adjustment are consid- 

erably interrelated. The slit width is the primary 

adjustment with the others being wholly or partially 

determined by it. The slit width, which controls the 

amount of energy reaching the cell, is determined, for 

a given sample and radiation wavelength, by a compromise 

between signal to noise ratio and spectral resolution. 

is the slit opening is decreased the energy, and hence 

the signal, decrease with the square of the slit opening 

while the spectral resolution increases linearly. In 



practice several "standard" slit openings were used to 

facilitate the comparison of the spectra of various 

samples. The mechanical slit widths used and their 

spectral half-width equivalents are summarized in 

Table I. The slit widths actually used for a given 

sample depend on the sample conitosition, spectral region 

and prism. Por most samples eacl spectral region was 

scanned several times using different slit widths and 

prisms. Tz9 slit widths used are on the order of ten 

times as wide as those normally used in absorption 

spectroscopy in the same spectral regions. 

Once the slit is set the amplifier gain must be 

adjusted to give a reasonable pen deflection for the 

strongest signal to be encountered in the region being 

scanned. The overall gain of the electronic system may 

be varied in two ways. rjl first of these, a step atten- 

uator between the preamplifier and main amplifier is the 

one normally used to set the gain. The second adjust- 

ment is a continuously variable attenuator at the strip 

chart recorder input which, being a ten turn precision 

potentiometer, has a fairly good resetability. In normal 

operation, however, this attenuator is set to give an 

attenuation of 0.7 which, although somewhat arbitrary, 

gives full scale pen deflection with a main amplifier 

output signal slightly below the point where amplifier 



TÂBLL I 

Comparison of Mechanical and pectra1 3lit idths 

Band 1.1 2JJ 

Frequency (cm ) 1285 2224 2564 3481 

Mechanical 
Prism Slit 4pectral 31it (cm ) 

(Microns) 

250 
1 5 22.5 40 85 

NaC1 500 10 55 80 170 

1000 20 110 160 340 

2000 40 220 320 680 

250 2.5 4 10 

500 5 8 20 
LIP 

1000 10 16 40 

2000 20 32 80 
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overloading occurs, thus a11owin; practically full use 

of the amplifier output capabilities while at the same 

time preventing errors due to amlifier overload. 

The band width of the electronic system is deter- 

mined mainly by the filter immediately preceding the re- 

corder and by the recorder itself. For actual operation 

the filter was normally used in the maximum position but 

for testing, adjusting, and. "trouble shooting", the wider 

bandwidths provided by the other filter positions are 

sometimes advantageous. 

The recorder chart speed was normally 30 inches 

per hour. This speed was adequate to record all the in- 

formation available yet not so fast as to spread out the 

spectra in an awkward manner. 

The scanning rate was variable over an eight-fold 

range in four steps, each differing from the previous one 

by a factor of two. While all four speeds were used, the 

slowest two proved to be the most convenient. Again, as 

in the case of the slit adjustments, different samples 

were scanned at the same rate in a given spectral region 

in order to facilitate intercomparison of data. 

Delay Time 1ieasurements 

To make the delay time measurements, the same 

apparatus as described above, with the exception of the 

Littrow mirror scanning unit, is used. In addition, the 
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mixer, time base generator, reference pulse generator, 

and oscilloscope are used. 

The converter is adjusted for maximum signal as 

described above and the monochromator is adjusted to give 

maximum signal output in the absorption band to be 

studied. Next, the slit is adjusted to give an arbi- 

trary, but standard, output from the main amplifier. 

This standard signal level for all delay time 

measurements is necessary to avoid the errors that might 

otherwise be introduced due to variations with amplitude 

of the inherent phase shifts in the amplifier and mixer 

circuits. 

For the cases where the standard signal level is 

not obtainable with maximum slit opening, the signal is 

increased by changing the setting of the step-attenuator 

that precedes the main amplifier. 

After the signal level is set the oscilloscope 

sweep and gain controls are adjusted to give a suitable 

display containing one complete set of timing pulses just 

filling the face of the cathod.e ray tube. This display 

is then photographed. The horizontal gain of the 

oscilloscope is then increased to expand the set of' 

pulses so that only two or three remain on the face of 

the tube. The horizontal centering control is then 

adjusted so that the end of the set of timing pulses is 
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in the center of the tube face and another photograph 

is made. 

This process is repeated for the various 

absorption bands being studied and in some cases is 

repeated for different settings of the attenuator in 

order to collect information on the base shifts 

introduced by the attenuator and thus facilitate the 

intercoim:arison of measurements made on different samples 

at different attenuator settings. 

The photographic exposures are generally of about 

20 sec duration in order to average the position of' the 

signal pulse. The use of a Polaroid Land Canera greatly 

facilitates the measurements by allowing an almost 

immediate inspection of the photographic record thus 

permitting any unsatisfactory records to be redone. 
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THIQRY 

As was mentioned in the Introduction, the rate 

of adjustment of energy in a non-equilibrium system is, 

in general, proportional to the departure of the system 

from ejuilibrium. This may be expressed by 

uv 1, 
- :? v-vo (1) 

where Y is the actual energy and V0 the equilibrium 

energy of a degree of freedom of the system. The time y 

is commonly called the 'relaxation time" of the adjust- 

ment process. 

Recently, Nontroll and. huler (15) have shown 

through a rigorous statistical mechanical treatment that 

equation (1) holds not only for a single degree of free- 

dom, but also for a system of harmonic oscillators and 

hence is applicable to the problem of a collection of 

vibrating molecules, some of which may be in various 

activated vibrational levels. They have further shown 

that the relaxation time T is given by 

2e-k' (6kT4 
[ 

312E 1/31 
-z__ 10 = 

k10Q0. r exp - ') 
.1 

(2) 

where - = m(2iíz/a)2 with m the reduced mass of the 

collision system, ji the oscillator frequency and a the 

length characteristic of interaction forces in the de- 

activating collisions. 



Energy Transfer in the 5pectrophone Cell 

If, in addition to the above considerations, 

energy is being added to the degree(s) of freedom at a 

rate , the local temperature, T, of the system differs 

from the ambient temperature T0 by an amount e, and the 

individual material components of the system may diffuse 

throughout the system by ordinary diffusion at a rate 

proportional to 72V, then equation (1) is replaced by 

v2v + -+(v-vo-ce) (3) 

where c is the heat capacity of the degree(s) of free- 

dom under consideration and & is the coefficient of 

diffusion. 

In the particular case of the spectrophone ex- 

periment, the degree of freedom in question is a vibra- 

tional mode in a gas molecule and the rate of addition 

of energy (due to energy absorbed by the gas from the 

chopped radiation beam in the spectrophone cell) is 

given by the real part of 

+ exp(jwt)] exp(-az) (4) 

where I is the incident radiation intensity, a is the 

absorption coefficient, z is the distance the beam has 

traveled from the front of the cell, and ¿--' is the 

chopping frequency. 
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Since the detector used in the spectrophone ex- 

periment is a microphone and hence responds to pressure 

variations, an expression relating the amplitude and. 

phase of the time dependent part of the pressure varia- 

tions at the microphone is the desired solution to the 

equation formed by combining equations (7) and. (4). In 

order to obtain such a solution several more relations 

between the system variables must be used. They are, 

the equation of heat conduction 

= kÇ72Ø + cT0(r-l)4' + .(V-V0-ce) (5) 

the equation of continuity 

--=-divv (6) 
ct 

the equation of motion 

44- 

- 
= _3- grad p (7) 

and the equation of state 

p=p0(1+S+-) (8) 

where Po and. p are the average and instantaneous pres- 

sure, k is the thermal conductivity,,,othe average 

density and c the heat capacity ier unit volume. 

Â general solution to the above set of fundamental 

equations presents a rather formidable task. However, 



for special cases, at least two partial solutions 

(ignoring the diffusional term) have been presented in 

recent years. tepanov and Girin (22) assunie1 an in- 

finitely long cell and. neglected. the factor exp(-z) 

while Jones (8, p. 15-29) presented a three-dimensional 

solution for a cylindrical cell of finite dimensions 

with the radiation beam along the cylinder axis. In 

Jones's solution the problem is simplified considerably 

by suppressing the acoustic terms in the equations, on 

the assumption that c is small enough that the radiation 

is absorbed fairly uniformly throughout the cell, and 

taking the pressure variation at the microphone as pro- 

portional to the average temperature variation through- 

out the cell. 

In order to avoid the restriction of small 

imposed in the above mentioned cases, a solution to the 

energy transfer equations will be considered in which 

both acoustic and diffusional terms may be retained, 

To simplify the problem it will be restricted to one 

spatial dimension, in the direction of the radiation 

beam, and due to the relative smallness of both and 

6 their product will be neglected. Furthermore, the 

variables V, e, p, etc., will be assumed to have the 

form 
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V(z,t) = V0(z,t) + V1(z)exp(jwt) (9) 

and since the part of the solution of interest in the 

spectrophone experiment is the time dependent part of 

frequency w , it will only be necessary to solve the 

equations involving V1, e, p1, etc. 

iith the above assamptions, the set of funda- 

mental energy transfer equations may, by straight for- 

ward manipulations to eliminate the variables e1, 
i' 

V1, be reduced to two ordinary linear differential 

equations of second and fourth order. hese equations 

are 

and 

- (1 + jw-r)V1 = -%vrI0exp(--az) (lo) 

J Y'uC (-w-) 
2l ' " (i 

) 
Pl" + P1 .k /u\ 

- ;:i , 
CuroT0 '1 C 11) 

where the velocity of sound u =Jpo , P1 = p1/p0, 

and the primes denote differentiation with respect to z. 

The grouping of several constants in these 

equations suggests the definitions of three character- 

istic "lengths" for the energy transfer processes. There 

are the heat conduction length m = ( _ k ', the acoustic 
TwcJ 

length J = u, and the diffusional length ) = ( r ) 



The heat conduction and acoustic length are a measure 

of the range of energy transfer by these phenomena during 

a cycle of operation of the radiation chopper while the 

diffusional length is a measure of the range of energy 

transfer by diffusion during the effective lifetime of 

the non-equilibrium state. Furthermore, it is evident 

that of the two fundamental equations in the final form 

as given above, the first describes the behavior of the 

excess energy in the system while it is in a non-equil- 

ibrium state, from the absorption of the radiant energy 

until it is converted to translational energy by colli- 

sion. The second equation then describes the distribu- 

tion of the excess translational energy throughout the 

cell by the heat-conduction and acoustic rocesses. 

The first equation may be solved by the usual 

method of combining a particular solution of the complete 

equation with the general solution of the reduced equa- 

tion. This procedure leads to a solution of the form 

V1 = A0exp(-z) + A1exp(r1z) + A2exp(r2z) (12) 

where r1 and r2 are roots of the auxiliary equation 

Ar2 - (1 + jc.u-r) O (1) 

the constant A0 is determined by the requirement that 

the term A0exp(-az) be a solution of the complete 
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e quat ion, giving 

1 (14) - 
o 2 

1 
-()2 

+ 

and the constants 
2 

are arbitrary constants 

which must be determined by the boundary conditioms. 

When the above solution for V1, which essentially 

describes the spatial distribution of the formation of 

translational energy in the cell, is inserted in the 

second equation, the solution proceeds in the same 

manner as before and yields 

P = B exp(-az) + 
i o 

6 

B1 exp(r1z) (15) 

where r3 through r6 are roots of the auxiliary equation 

jm2./ 2r4 + j 2 + ..- 2m2)r2 + i = 0 (16) 

The first three coefficients, B0 through B2, will be 

determined by the requirement that the corresponding 

first three terms be solutions of the complete equation 

while the last four coofficients, B3 through B6, are 

associated with solutions of the reduced equation and 

hence are arbitrary as far as the differential equation 

is concerned and must therefore be determined by the 

boundary conditions. The three coefficients, B0 through 

B2, do, however, contain through 2t2 respectively as 



multiplicative factors and therefore A1 must be 

determined before B1 and B2 are determined Since A0 

has already been found, B0 nay be written immediately as 

B0 
= 2oc0 (f 

i + j')r- i. + 

2 
+ 2m2)2 + jm2J 2]) 

-1 
(17) 

Inasmuch as the above solution contains six 

arbitrary constants their evaluation will, in general, 

require six boundary conditions. Two of these, useful 

in determining A, and A2, are given by the assumption 

that viraticìa11y excited molecules lose their excess 

energy upon collision with the walls of the cell, i.e. 

V1 O when z = O or L. Two more conditions are given 

by the requirement that the wall temperature remains at 

the ambient temperature, i.e. e1 o when z = O or L. 

The last two conditions may be given by observing that 

the cell is a closed chamber and therefore there is no 

flow of gas through the walls, i.e. V1 = O at z = O or L. 

Although the above set of' boundary conditions 

will now permit complete evaluation of the solution to 

the one-dimensional energy transfer equations, the re- 

suit is of sufficient complexity as to obscure or at 

least to confuse the interpretation of the significant 
parts of the solution. In order to clarify this 
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situation it may be instructive at this point to con- 

sider the r1ative magnitudes and behavior of the 

characteristic "lengths" involved and their influence 

on the final solution. 

Due to the approximate constancy of the velocity 

of sound over a wide rane .e of uressures and the rela- 

tively small variation with composition (particularly 

for gases of similar molecular weights), the acoustic 

length, J , will depend primarily on the choice of the 

chopping frequency, I., , The final form of the solution 

will be strongly influenced by the relative magnitudes 

of i and the cell length L and since for the experi- 

mental work to be reported here, w and L were such that 
e was very much greater than L, this inequality will 

be used to make appropriate simplifications when con- 

venient. Although of no importance in this work, it may 

be noted that when J becomes small enough tht the ratio 
of L to i is near an integral multiple of , acoustic 

resonances occur and the pressure variation is strongly 

influenced by viscous effects for which no provision has 

been made in the fundamental energy transfer equations 

as described above. 

The thermal conductivity for a given gas is 

essentially independent of pressure throughout the range 



of moderate pressure used. in this work and therefore the 

variation in the heat conduction length m is due to 

variation in W and Cr Since c is directly proportional 

to the pressure, n will be inversely proportional to the 

square root of pressure at constant ¿.u. Furthermore, 

for the chopping frequency and range of pressures used 

in the present experimental work, m may be shown to be 

generally less than one cm, becoming about one cm at the 

lowest pressures studied, Thus, with L on the order of 

ten cm, the ratio of L to m may be considered always 

considerably greater than unity. 

The di±'fusional length, 4, is the only one of 

three characteristic lengths that is not dependent on 

and since it is a function of the relaxation time, T , 

that the experiment is presumably designed to nieasure, 

it is the onlji one whose value cannot be calculated 

prior to performing the experiment. 

Since many reported r's are on the order of a 

few microseconds at atmospheric uressure and many gases 

have diffusional coefficients on the order oÍ' 

0.1 cm2sec, ..4may have a value of about l0 cm. 

However, both ,& and '7 and therefore , are inversely 

proportional to pressure and hence at lO atm (the 

present low pressure limit for the spectrophone experi- 

ment) .d as estimated above may have a value of 1 cm 
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which is about the same as n at that pressure. 

Under certain conditions such as high pressure 

or reasonably large w ed small -r , the lengths n and. 

2 may become negligibly small which gives the solution 

to the energy transfer equations a particularly simple 

form. In this case, the first o± the two differential 

equations is no longer a differential equation and the 

second is reduced to second order. Thus, only the 

second of the auxiliary equations remains and it has 

only two roots. These may readily be seen to be i. 

which suggests the replacement of the exponential terms 

by the equivalent trigonometric fanction.s giving 

= B exp(-az) + B cos(z/,g ) + B sin(z/J ) 

(18) 

By use of the boundary conditions of no flow across the 

ends of the cell along with the approximations 

cos(z/j ) i and sin(z/J ) z/J the coefficients 

may be seen to be 

J 
B3 

= L_2 [i - exp(-L)] B (19) 
o 

Bk=GBo (20) 

Because of large value of 2 , the B3 cos(z/J ) term 

will be much larger than the other two terms and ct 

will be considerably greater than unity over the range 



'4.6 

of significant a. Then 

Ip i - exp(-L) 
B3 cos(z/j ) B3 = -j 2cT0L i + jw-r 

(21) 

and use of the relation p/cT - i gives 

i - iw-r 
pl -j(T- l)2L 

+ (wT)2 
[i - exp(_aL)] 

(22) 

If m is no longer neglected, the second auxiliary 

equation has four roots two of which are, to a very good 

approximation, the saine as the previous case leading to 

sine and cosine terms while the other two roots are 

± (1 + j)/mj. The evaluation of the B's, while 'ore 

complicated than in the previous case, preceeds in the 

same manner as before yielding the similar result that 

the cosine terni is the only one of importance. In this 

case the coefficient in the cosine term is 

B3 = a2 - exp(-aL) + jma(i 

(23) 

which with the saine approximations as before yields 

IO l-jw l-j(rna)2 
p1 -j(T- i)2WL 

+ ( w-r 
)2 

1 + (ma)4 

[ï - exp(-aL) + jma(1 + j)/iJ (24) 
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When m but not is neglected the first auxiliary 

equation exists and has the roots (l/)(l + 

which for w-z- small compared to unity are approximately 

+ (i/ô)(1 + jw-z ). If A1 is the coefficient corre- 

sponding to the negative root and A2 to the positive 

root in the solution for V1, the application of the 

boundary condition of deexcitation at the cell walls 

leads to the result 

A9 0 (25) 

-A0 (26) 

The second auxiliary equation has again the two roots 

± i/E which lead to the sine and cosine terms. As 

before, evaluation of the coefficients in the solution 

of the pressure variation equatiOn by use of the bound- 

ary condition of' no flow through the walls shows that 

the cosine term is the only significant one. The co- 

efficient of the cosine is given approximately by 

B3=° {1_ex(-aL)+Àa 2-jw-r 
2 (w-r)2 

j 

o 

(27) 

which gives for the pressure variation 
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l-(4c)2-jwr 
p1 -j(Y -l)2L 

(1 22)2 

f 

i - exp(-L) +Aa 2 CA'T 1 (28) 
2 + (.t'-r)2j 

'ihen the influence of both ni and. are considered 

the solution becomes even more complicated and its 

physical significance becomes increasingly difficult to 

interpret. The evaluation of B's proceeds in the same 

manner as before showing; the cosine term to be dominant 

and with a coefficient containing terms in,4a, ma and 

quite similar to those in the previous three cases 

plus additional terms containing the ratio of 4/m. 

The dominance of the cosine term in ali four cases 

described above is due to the assumption that the chop- 

ping frequency is low enough that the acoustic length is 

large compared with the cell length. This is equivalent 

to the condition of no acoustic wave propagation in the 

cell and. suggests that the results of Jones (8, p. 26-29) 

might be valid at low chopping frequencies even when his 

assumption of small cx does not hold. This idea may be 

readily investigated since the fourth order differential 

equation in pressure is now replaced by a second order 

equation in temperature which simplifies the calcula- 

tions. The results are rather interesting in that the 

solutions obtained are almost identical with the 
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solutions to the above four cases with the exception 

that the specific heat ratio T is missing from the heat 
conduction length. 

Inergy Absorption in the 3pectropIione Cell 

In the above development no mention was made of 

the variation of cx with i) , the radiation frequency, or 

of the radiation band-widthLul). However, in the pres- 

sure ranges normally encountered in the spectrophone 

experiments the vibrational absorption band is not the 

broad slowly varying band that it may appear to be from 

low resolution infrared spectroscopy measurements, but 

is instead composed of many narrow and intense rotational 

lines for which a may be quite small in the region be- 

tween the lines and then increase rapidly to a rather 

large maximum value at the radiation frequency corre- 

sponding to a particular vibration-rotation transition. 

L3ince the pressure variation in the sectrohone 

cell is due to the energy absorbed in the cell rather 

than to the energy transmitted through a cell as in 

normal infrared absorption measurements, the behavior 

of the spectrophone response will depend on the "real" 

absorption lines with their rapidly varying a rather 

than on the slowly varying average a as seen by a thermo- 

couple in a normal infrared measurement. 



50 

In order to understand the effect of the real a 

on the spectrophone response it is instructive to con- 

sider the total energy absorbed in the cell (or as a 

crude approxiniation, to consider the pressure variation 

in the cell proportional to the total energy absorbed in 

the cell). 

The energy absorbed per unit volume at any dis- 

tance z from the front of the cell and at any radiation 

frequency J is given by 

S(J,z) = I(J) a(i)) exp [_a())z] (29) 

or the energy absorbed by any rotational line J is 

S3(1J,z) = I(i.í) j(') exp(-a(il)z] (30) 

If the intensity incident upon the front of the cell is 

assumed to be constant over the range of any significant 

absorption of the rotational line the total energy ab- 

sorbed per unit cross-sectional area throughout the cell 

and over the frequency range of the Jib rotational line 

is given by 

sJ = aJ() exp L-aj()z] di)dz 
o line 

(31) 

which after performing the integration over z becomes 
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sj = io 

f 
fi - exp 

f 
_a()LJJ dil (32) 

line 

In order to evaluate the above integral the 

variation of a with il must be known. For the rota- 

tiona]. fine structure of a vibration-rotation band, 

the line shape is generally taken to be Lorentzian (24) 

and is given by the expression 

A (,i\í IiJ j() = 
(il- )2 

+ ( 
J)2 - 

¿Iii (33) 

(+ )2 
+ ( 

)2 

where is the line center frequency, ¿/ is the line 

half-width and the constant A is commonly known as the 

line strength. In the infrared region where is 

large compared with both unity and. Z" the second term 

in the previous expression becomes negligibly small and 

a may be expressed as 

cx(i/) 
A 

-1_! 

.1 

(34) 

- 
)2 ()2 

The integrated line intensity is given by 
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/j() 
d = (35) 

line 

and the integrated band mt 

the vibration-rotation band 

tional line contributions. 

of the Jth line to the total 

closely approximated by the 

ín the Jth rotational level 

nsity for a given branch of 

is the sum of the rota- 

The fractional contribution 

intensity of the branch is 

fraction of the molecules 

- f f (2J + 1) exp {-aJ(J + i)] (36) 

with a = hcB/kT where B is the rotational constant for 

the molecule in question and the rotational partition 

function is essentially the reciprocal of a for most 

gases at room temperature. 

The Lorentz line shape theory also shows that the 

integrated absorption intensity is proportional to the 

pressure of the absorbing gas 

A = A0 
a (3?) 

and in the low to medium pressure range where pressure 

broadening is the only significant cause of line width, 

the line width is proportional to the total pressure 

J= ( ¿i/) p (38) 
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Under these conditions the maximum value of a(zJ) is 

seen to be 

À Ap 
fJ 

À0 
(39) 

(Liì)0 a 

which for a given gas mixture is independent of the 

pressure and dependent on the mole fraction Xa of the 

absorbing gas. 

Returning to the integral of equation (32), the 

integration as given by Ladenburg and. Reiche (li, P. 18?) 

for a line shape as in equation (33) has the form 

/ AL\ 
S. = 2irI0i/ F (2ir'y) 

which by equations (38) and (39) becomes 

with 

SJ. 
= 2-7rI0(1')0 p F(Y1L) (41) 

F(X) = x exp(-x) 
{ 
10(x) + 11(x)J (42) 

where I and I are zero and first order modified 

Bessel functions of' the first kind. For very precise 

calculations a table of F(X) has been published by 
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Kaplan and 1ggers (10, p. 879). However, for reasonably 

accurate general use a more convenient app roxiniation may 

be developed by retaining only the first term of a series 

expansion of the modified Bessel functions (cf watson 

(26, p. 203)). This procedure leads to a new function 

G(x) 
= 

x F(x) (k3) 

which becomes equal to P as x becomes larger. Due to a 

partial cancelation of higher order terms of the series 

expansion when I, and I are added, G is a reasonable 

approximation of F even at fairly low values of the 

argument. For example, G is 18.5% greater than F when 

x is unity but the error decreases rapidly with increasing 

x to 7.7% at x = 2, 2.7% at x = 5, 1.4% at x = 10, and 

0.254 at x = 50. 

When F is replaced by G, the expression for the 

energy absorbed i.n a cell by the Jth rotational line 

becomes 

= 2 I (i/)0 Vi7L p ('4.4) 

= 2 I 4'f (uil)0 A0 X J p (45) 

In order to obtain a simple expression for the energy 

absorbed by an entire branch of a vibration-rotation 

band, two basic assumptions must be made. First, the 
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radiation intensity must be essentially constant over 

the branch. 3econd, the relative separation and sharp- 

ness of the various rotational lines must be such that 

the absorption is approximately additive in the 'tvalley" 

between two successive lines, i.e. at i"= ¼( + 

l-exp(-L) = cCL. With these assumptions the 

energy absorbed by the branch may be found by simply 

suininin: over the rotational lines givin 

3 = 

/ 

j 

j=o 

= 2I (4j')oAoXL p (6) 

The last sum in the above expression may be 

evaluated by use of the iiuler-iiaclaurin summation 

formula, which, for the small values of a normally en- 

countered in most gases, gives 

= 2a fl(3/4) = i .457a (.7) 

and hence 

3 2.914 I j/(J)0AOxL (a)p (4.8) 
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Response of the Speetrophone Cell 

In the preceedin; two sections essentially two 

problems have been considered. First, the energy 

transfer and resulting pressure variation in the spectro- 

phone cell was investigated for energy being absorbed 

with a constant a. Secondly, the energy absorption by 

a vibration-rotation band ìaving Lorentzian lines was 

treated. 3ince Is not constant and the pressure 

variation is not directly proportional to the absorbed. 

energy, the purpose of this section is to make use of 

the results of the previous two sections in an attempt 

to obtain an expression for the response of the spectro- 

phone cell to a real absorption band of the type des- 

cribed in the preceedin, section. 

In view of the rather complicated dependence on 

of the pressure variation equations, a direct inte- 

gration over a band of Lorentz lines seems somewhat 

impractical at the present time. Therefore, in order 

to approximate or at least place bounds on the spectro- 

phone response, use will be made of limiting forms of 

the pressure variation equations and the integration 

over the radiation frequency will 'be done in parts over 

regions where the limiting forms hold at least approx- 

imately. 
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Since heat conduction appears to be much more 

important than diffusion in the present work, the pres- 

sure variation equation which neglects A but includes 

m will be used to find the limiting forms. 7hon a is 

small the pressure variation is seen to be 

p1 = K [i - exp(-cx.L)j (49) 

while the limit as a becomes large is 

where 

p1 = K (1 + j)/amj/ (50) 

K = -j ( T - L' 
i - 3 

2wL i + (2 (51) 

and the "cross overtl between the regions for which the 

limits are approximately valid will be the point at 

which am = 1. 

Now the desired response function for the Jth 

rotational line 

U(J) 

= f pl d (52) 

line 

may be approximated in terms of the functions 

U1(J) * Kf 
[ 
l-exp(-aL)J ail (53) 

line 



I 
13+.2J 

U2(J) K r [l_exp(-ajL)J dil 

J - 
o 

o 

U3(J) = K (m) dI 

I.] 

(5Li.) 

(55) 

where are the frequencies for which ajm = 1. 

Prom these definitions it may be seen that 

U1(J) U(J) 7 U1(J) - U2(J) (56) 

and. furthermore 

U(J) U1(J) - U2(J) + {(1j)/4/]U3(J) (57) 

By use of the results of the previous section 

the integral in U1(J) may be evaluated giving 

U1(J) 2K(ìJ)Y77Lc1 (58) 

Evaluation of the remaining two interais requires the 

determination of il' which may be obtained by inserting 

11( -j ± z') = m into the Lorentz line shape equation 

with the result 

J' = ( 59) 
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Since in is much smaller than L the exponential term in 

the integral in U2(J) will be essentially zero for 

radiation frequencies between -i ± ji'. Then 

U2(J) = 2K jI' = 2K( ¿jjl )1aNJm-1 (60) 

and again using the Lorentz line equation U3(J) nay be 

found as follows 

K U(J) 
- NJm( 

)2 

I 
{(- )2 

()2] 
dil (61) 

K r1 il)2V'] 
am()2 L 

(62) 

= K(iJ) 'VNJm-1 
( cxjxn 

J 

(63) 

When aNJm is equal to or less than unity, / ' is zero 

and therefore U2 and U are also zero. In sorne cases 

FJm will be large compared to unity and the approxi- 

mations 

U2(J) 2K()) 1am = U1(J) ./ (6k) 



U3(J) K( /) ljm = ¡.J(J) = 

U1(J) (65) 

are valid, while even for the weaker lines where the 

above approximations are not very good they will serve 

as upper limits on the departure of the response from 

that described by U1(J). These approximations are 

particularly useful in that they permit a quite simple 

expression for the response 

U(J) = U1(J) [i - l 
j (66) 

34/) 

which is easily summed over a branch of the absorption 

U = U(J) u1 fi - (67) 
3V')I-I 

J=o 

where, by the method of the previous section 

u1 = U1(J) 2s9l4K1(â/JoAoXaL 

a p (68) 

andp is a fraction between zero and one. This fraction 

has been introduced to allow for the fact that the 
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functions U2 and U3 will not in general contain contri- 

butions from all rotational lines but only from those 

in which the product aMm exceeds unity. Thus,Ll will 

represent the fractional contribution to the summation 

of of the lines for which am is greater than 
unity. In general, will be a rather complicated 

function of p, Ác (Llv')0, and X and its evaluation 

may be quite difficult. However, by using its maximum 

of unity an approximate upper bound may be placed on the 

deviation of the response U, from the function U1. 

Furthermore, since the deviation will in general 

be small, the spectrophone amplitude response may be 

written 

j 
. 

( 
- 

(69) 

/1 A )\ 
..s ii-6 l)I ' ooa\ = 1. 

wa L[l(w)2Jj 

( 
- p 

and the phase shift will be given by 

wh ere 

77- 
0 = (71) 

tan 
= 

-w_z- (72) 
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tanc2 (73) 

When an absorption band is so weak that the 

product Wa is everywhere less than unity the above 

approximations are very poor in that they give no heat 

conduction phase shift. In this case a better eval- 

uation of the response may be obtained by using an 

approximation to the pressure variation equation which 

neglects all terms in am of higher than first order 

p1 K {i - exp(-ccL) + am (j - i)] (71-i-) 

which may be integrated over a line and then summed as 

before. 

F1icrophone Response 

The microphone used in the spectrophone cell is 

actually two capacitor microphones so arranged that 

motion of the two membranes induced by vibration of' the 

whole cell tend to cancel as far as change in capacity 

is concerned and hence make the assembly less sensitive 

to external vibrations. For the purpose of a discussion 

of the response of the microphone a somewhat simplified 

model will suffice. 

The microphone may be considered as a membrane 



separating two chambers that are also connected by a 

small passage (such as a pinhole in the membrane). One 

of the chambers will be the actual "cell" in which the 

infrared energy is absorbed and the pressure variations 

generated. The second chamber is the space "behind" the 

membrane and, in conjunction with the vent passage be- 

tween the chambers, acts as a Helmholtz resonator. This 

model of a capacitor microphone is treated by ¡orse (16, 

e 160173). 

The output voltage of the microphone and its 

associated converter is proportional to the change in 

the reciprocal of the capacitance of' the microphone which 

in turn is proportional to the displacement of the mem- 

brane. This leads to the result that the output voltage 

is proportional to the product of the iressure variation 

at the microphone and the specific response of the micro- 

phone. 

The specific response is the function of primary 

interest in this section as it should give the response 

and phase shift due to the microphone system. Morse 

gives a discussion of the specific response for both 

the fielmholtz resonator model and another model which is 

useful when the backing plate which forms the other plate 

of' the capacitor is so close to the membrane that the gas 

behind the membrane is not free to distribute its effect 
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over the entire surface but instead must be considered 

to act in localized regions. Although the expression 

for the specific response differs in the two cases and 

is quite complicated in both cases, the frictional and 

resonator stiffness terms which determine the phase 

shift are both proportional to p. 

Another possible variation in the specific re- 

sponse is the "accession to inertia" in which a vibra- 

ting disk or membrane acquires an additional mass due 

to the inertia of the surrounding gas. An analysis of 

this effect by £IcLachlan (1k, p. 54-62, 89-90) shows 

that the added "mass" is approximately proportional to 

pressure and inversely proportional to frequency. 
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EXPERflNTAL R1f3ULTS 

A total of' thirty different gas samples were 

prepared and studied in this work. These consisted 

primarily of four mixtures ranging from 5% N20 in Argon 

to pure N20 which were studied at various pressures 

ranRing from about 740 mm Hg to 1.5 mm Hg. For each of 

these samples two types of measurements were made for 

four infrared active bands. The measurements were 

spectra of spectrophone sial amplitude versus infrared 

radiation frequency and delay time measurements. The 

infrared active absorption bands were two fundamentals, 

at 1285 cm and. at 2224 cm, one overtone 
2 at 256k cm', and one combination band + 1/3 

at 3481 cm. 
In some of the preliminary work done during the 

design, construction, and testing of the apparatus, more 

than a dozen bands were observed and identified using a 

gas sample of' 740 mm Hg of N20. However, most of these 

bands were too weak to make quantitative measurements 

and hence the four strongest bands were selected for 

further study. Two typical spectra are shown in Figure 7. 

Spectrophone Signal Amplitudes 

The integrated spectrophone signal amplitudes 

are given in Tables II through V. These values are 
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TABL1 II 

Relative Integrated Signal .mplitudes for lO0; 1120 

band 
il3 2j11 

(mm Hg) 

150 234 296 103 136 

73 168 283 57 84 

37 86 206* 32.6* 45.6* 

18 36.4* ll5 15.8* 23.1* 

9 11.7* 61* 6.7* 9.2* 

5 4.4 32.2* 3.0* 

3 10.4* 

1.5 3.2* 

* average value 



TABLE III 

Relative Integrated ßignal Amplitudes 
for k9.9% N20 in Argon 

band 

p 
(nun dg) 

379 

186 

9k 

24 
12 

6 

3 

1.5 

* average value 

2/1 

232 

225 

159 

78 

32.9 

10.4* 

(2.1) 

J3 

259 

321 

303 

196 

112 

58.3* 

26.2 * 

9,Q* 

2.0 

2/ 

120 
85.6* 
55* 

26.8 
12.3 
5.1 

i!3 

159 

115* 

68 * 

35.5 

17.5 
6.8* 

1.5* 
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TABLE IV 

Relative Integrated Signal Amplitudes 
for 11.5% N20 in Argon 

band 

111 4/3 

p 
(irim 11g) 

689 261-1rn 88 99 

335 158 255 67 

166 124 251 31 

83 57* 163* 15* 23.2 

52 22.6* 99* 7.1* 11.2* 

* average value 
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TABLE V 

Relative Integrated 3ignal Amplitudes 
for 4.96% N20 in Argon 

2il1 

( Ug) 

77 98 220* 28.5* 37.2* 

192 75 208 18.3 26.0 

96 39.2 139 9.3 13.6 

50 18.3 81* 4.8* 6.5* 

26 (5.4) 44.5 2.1 2.8 

13 (0.9) 20.1* 

* average value 
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relative and are intended to be proportional to (UI/Ia. 

They were obtained from the spectrophone spectra records 

by calculating the area wader a signal amplitude curve 

and then making appropriate corrections for I (as 

determined by energy leaving the monochrornator, prism 

dispersion, and slit width), attenuator setting, and 

amp1ifier-siìal rectifier nonlinearity. 

The signal amplitude data have been plotted as 
a function of the total pressure in Figures 8 through 11 

with each figure giving all the data for a single 

absorption band. 

The leveling off or saturation of the response 

noticeable at the higher pressures is not due primarily 

to any saturation or overload in the microphone or con- 

verter system as an increase in signal was always avail- 

able upon increasing the slit width. Nor is it a 

strictly pressure dependent effect since the strongest 

band, shows the effects at much lower pressures thsn 

the weaker bands. This saturation effect is also obser- 

vable in Figure 7 where the band at the higher pres- 

sure shows lower signal amplitude and in addition an in- 
version of the peaks of the P and R branches that gìves 

the appearance of a false Q branch. This inversion at 

high pressures is also noticeable in the plot of signal 

amplitude vs pressure for the 50% N20 in Argon mixture 
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in the 7J3 band. 

An example of the increase in signal with open- 

Ing of the monochromator slit is shown in Figure 12. 

Since the monochromator has two ganged slits, one before 

and one after the prism, the radiation intensity per 

unit frequency is proportional to the opening of the 

first or entrance slit and. the spectral band passed is 

proportional to the second or exit slit opening. There- 

fore, the peak signal divided by the entrance slit width 

(which is equivalent to signal per unit intensity) should 

increase with increasing exit (or spectral) slit width 

until the exit slit is so wide that the entire absorption 

band is passed by the exit slit. Beyond this :oint the 

signal per unit intensity should remain constant. While 

Figure 12 shows essentially this expected behavior, it 

is evident that the limit of the absorption band has not 

quite been reached at tue widest slit opening available. 

Time ï-ïeasurement Errors 

The precision to which the delay time measurements 

may be made is limited primarily by the apparent "phase 

noiseu or "jitter" in the position of the end of the 

set of timing pulses. This "jitter" may be considered 

to be due to two general causes. The first, amplitude 

noise with frequency components harmonically unrelated 
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to the chopping frequency, and secondly, phase shifts 

introduced by variations in the overall mechanical- 

electronic system. 

There are several possible sources of error or 

timing uncertainty in the overall time base system. 

These include, variation in openin and closing time 

0±' the breaker points on the chopper shaft with respect 

to the radiation chopper, variation in starting of the 

time base generator oscillations with respect to the 

reference gating pulse, and variation in the frecuency 

of the time base oscillator1 Of these sources of timing 

uncertainty the first one mentioned appears to be the 

most important. The total observed variation in the 

length of the reference gating pulse is on the order of 

300,,usec and is presumably due to both irregularities 

in the rotational speed of the chopper shaft and the 

variation in opening and closing of the breaker points 

on the chopper shaft. The uncertainty in the starting 

tine of the time base oscillator should be caused by 

variations in the rise time and/or noise in the reference 

gating pulse.. Both of these effects should be small and 

indeed, the observed variation, which ias less than 

lO,Msec, might be due in part to variations in the 

starting tine of the sweep generator in the oscilloscope 

used to make the measurements. The apparent frequency 
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variation of the time base oscillator (on the order of 

50)isec for 30 oscillations), although small compared 

to the reference pulse length variations, seems rather 

large (1 part in io) compared to the usual stability 

of an LO oscillator. A good part of this apparent fre- 

quency variation may actually be due to variations in 

the oscilloscope sweep speed. 

Another possible source of variation, is in the 

main amplifier. 3ince this amplifier is tuned the phase 

shift is not constant but varies with frequency. Al- 

though a theoretical calculation of this phase shift 

would be quite complicated due to the various high and. 

low pass RO networks which provide the tuning for the 

amplifier, the shape of the response curve is known in 

the vicinity of' 13 c/s and the phase shift may be ap- 

proximated by fitting this curve to the response of a 

single tuned LO circuit. This may be done by either 

using the apparent Q on the high frequency side ( -0.36) 

or the slope and relative response at 13 c/s. These two 

approaches give, for the rate of change of with 

chopping period, , -0.15 and -0.135 respectively. 

If the previously mentioned 300)isec variation 

in chopping period and/or reference switch operation is 

primarily a chopping period variation, then the above 

results give aia estimated variation in observed delay 



time of less than 5O1isec. 

An estimate of the overall accuracy of the time 

measurements may be made from the observed variation in 

the position of the end of the set of timing pulses. 

This variation may be easily measured on the photographic 

records of the time measurements. As mi;ht be expected, 

the variation is reasonably constant from record to 

record at the saine attenuator setting. when the atten- 

uation was decreased to enable the observation of the 

weaker signals the variation in the end position in- 

creased markedly. For the three attenuator settings 

used, the observed variations were approximately 300, 

1200, and 2500jisec. However, since the time measure- 

rnents were read. from photographs that had been exposed 

for about 20 sec, the accuracy of the measurements should 

be given by dividing the observed variation by V'(20)Ç13J 

or approximately 20, 75, and 150 ,psec. 

Another source of phase shift in the apparatus 

is in the attenuator. This phase shift should be a 

constant for each setting of the attenuator and hence 

not a contributing factor to the uncertainty in the time 

measurements. However, the phase shift due to the at- 

tenuator must be determined for each of the three 

positions used while making the time measurements and. 

the results of this determination provide another 



estimate of the time measurement reliability. 

The relative attenuator phase shift was deter- 

mined by repeating various of the time measurements at 

two or three different settings of the attenuator while 

maintaining all other experimental variables constant 

except for adjustment of the monochroinator slit to main- 

tain constant output from the main amplifier. Since 

attenuator position "8" was the most often used, it was 

taken as the reference position and the data were ana- 

lyzed as time differences between positions "8" and "9" 

and positions "9" and "10". 

The average of 17 measurements gave for the "89" 

difference T= 152,psec with a standard deviation 

0= 170)xsec. For "9-10", 8 measurements gave r= 

94,psec with o-= l7ojisec. 

Delay Time Neasurements 

The results of the time measurements are given 

in Tables VI through IX. These delay times were read 

directly from the photographic records of the oscillo- 

scope patterns, converted from time base oscillator 

units to milliseconds and, where necessary, corrected 

for attenuator phase shift differences. 

For a pure gas with relaxation time at unit 

pressure the relaxation time at any other pressure is 
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TABL1 VI 

Delay Time Iieasurements for 100% N20 

''E) (milliseconds) 

2/1 1/i 
+/3 

27.03 26.79 
26.79 

27.87 27.65 
27.74 

27.43 27.47 

25.73 25.7v 
25.91 

22.67 

19.74 
20.00 
19.58 

15.10 
15.10 

11 6k 

27.22 27.16 

27.93 27.98 

27.41 

25.88 

27.43 

25.79 



band 

p 
(mm Hg) 

379 

186 

94 

47 

24 

12 

1.5 

TABLE VII 

Delay Time ?ieasurements for 
49.9% 20 in Argon 

(milliseconds) 

1)1 -i,'3 21i 1'i +113 

26.11 

27.47 

28.29 

28.48 

26.54 

23.66 

25.43 

27.28 

28.39 

28.38 
28.54 

26.64 
26.76 

23.80 
23.35 
23.57 

19.29 
19.17 
18.82 

14.59 
14.43 

11.09 

26.24 

27.47 

28 28 

28.58 

26.68 

23.85 

26.30 

27.65 

28.52 

28.45 

26.69 

25.53 



ThBLJî VIII 

Delay Time Measurements for 
11.5% N20 in Argon 

7'j (milliseconds) 

band 

ill 2)3 2j11 

335 

166 

8) 

52 

26.70 

27.79 
28.06 

28.67 
28.70 

28.32 
28.28 
28.38 

26.57 
26.76 

28.07 
28.03 
28.19 

28.57 
28.4k 
28.70 

28.17 
28.47 
28.36 
28 40 

26.57 26.76 

28.06 28.16 

28.52 28.61 

28.46 28.19 



band 
-0--ø 

p 
(min 11g) 

377 

192 

96 

50 

26 

TJ.BLi IX 

Delay Time Fleasurexnents for 
4.96% 120 in Argon 

1,/1 

26.56 
26 48 

27.62 

27.85 

28.03 

TEXP (milliseconds) 

J13 

26.45 
26.49 

27.48 
27.50 

27.98 
28.17 

28.03 
27.99 

26.09 
26.12 
26.32 
26.39 

13 
J 

22.78 

2J 

26.22 26.27 

27.50 

27.66 

27.41 



given by 

1 1 
= P (75) 

similarly for a two component system consisting of gas A 

containing excess vibrational energy and inactive gas B 

¡X X l/ A 

+ B) 
p (76) 

where X, and XB are the mole fractions of A and. B while 

and 
liB are the relaxation times at unit pressure 

for A + A and A + B deactivating collisions. 

In the spectrophone experiment there are, as has 

mentioned. previously, several possible sources ol' 

additional phase shifts or apparent delay times. Some 

of these, such as the position of the reference switch 

cam relative to the radiation chopper blade and phase 

shifts in the electronic circuitry, may be independent 

of pressure or compositLon of the sample in the gas cell; 

while others such as heat conduction, diffusional, 

acoustic and. microphone effects may depend to some ex- 

tent on the sample. 

In any event, the experimentally measured delay 

time, is related to the overall experimental phase 

shift by 

-wr, = 
X2 (77) 



0EXP l + 0APP (78) 

where (=tan -c) is the phase shift due to the 

relaxation process (in the absence of significant diffu- 

sional effects) and all other phase shifts introduced by 

the experimental apparatus are combined in the term. 

If w-ris small compared with unity, may be 

approximated by 

= tan(-wt) - (79) 

which when combined with the above equations gives 

-rEXP = - 3 0APP = + ÂPF (80) 

and by using this relation the previous equations con- 

cerning the pressure dependence of may be rewrïtten 

in forms more suitable for interpretation of the experi- 

mental data. 

For a pure gas the exjression 

E;xI = -Ç/P + (81) 

is appropriato and if Ç remains constant, a plot of 

'ZXkJ VS l/p should give a straight line with slope -D 

and intercept "TAPP. 



With a two component mixture two cases arise. 

In one case, the composition is held constant while the 

total pressure is varied and 

= '-7- 'AA 

Ar 
I 

J 

'BJ P 'rAPP (82) 

which should again 4ve a straight line for a vs 

1/p plot if is constant. In the other case the 

total pressure is held constant while the composition 

is varied. Jones (8, p. 77-78) has given an expression 

suitable for this case. He defined a T which is the 

difference in for a pure gas and a given mixture 

and shows that a plot of 1/LIT vs l/XB should give a 

straight line with the slope and intercept as functions 

of TAL and '-'AB -r is constant. 

Figures l through 16 show plots of vs 

i/p for l/p up to 100 (in Hg). Each figure contains 

points for each of the four infrared absorption bands 

studied and is for a fixed percentage composition. 

Figure 17 is a similar plot but extends the range of 

1/p to 750 (in Hg) and is for the i. band only but 

includes two different samples. 

Discussion of Results 

In order to compare the theory with the 
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experimental results several constants must be known. 

These include the infrared absorption coefficients for 

the rotational lines in the four bands studied, the line 

half width and the heat conduction length. 

The four infrared bands were all parallel tyte 

bands for which the iJ = O transition is not allowed 

and. hence they have no Q branch and all of the absorption 

is distributed between two roughly equal P and R 

branches. Therefore the value of A to be used in the 

response equations may be taken as one-half of the in- 

tegrated band intensity as determined by infrared in- 

tensity measurements. Igers and. Crawford (2, p. 1556) 

have reported the integrated intensity for the two 

fundamentals as 2'4-5 and 1650 cm2 at atmospheric pres- 

sure for and respectively, while Vincent-Geisse 

(25) gives the values 32.8 and l.6 cm2 at atmospheric 

pressure for 2 i1, and 
+ 

1)3 respectively. Thus the 

bands studied vary in intensity over a 50-fold range. 

The only available direct measurement of rota- 

tional line half width comes from microwave spectros- 

copy measurements on the pure rotational lines. However, 

this value of 0.107 cm at atmospheric pressure is 

probably several times larger than the vibration- 

rotation line half width since the low energy pure 

rotational transitions are perturbed. by longer range 



(and hence more frequent) interactions than the higher 

energy vibration-rotation transitions. 

The best estimate of the line half-width is 

probably that calculated from kinetic theory collision 

diameters by the equation 

AiJ= (83) 

where n is the number of molecules per unit volume, 

is the average velocity, and o is the collision diam- 

eter. Using a value of .35 X iO ein for gives 

0.038 cm for (i1)0 at 27°C at i atm. 

The rotational constant, B, for N20 is O.2 cm 

which gives approximately 500 as the rotational parti- 

tion function. Using this number the fractional popu- 

lation, and its square root have been calculated for 

the first 60 rotational levels. With these U'S and the 

above values for A and iJ the absorption coefficient 

maxima NJ have been calculated for the first 60 rota- 

tional lines in the four infrared absorption bands of 

interest. Table X gives the result of these calculations 

for several lines including that with the highest popu- 

lation J = 15. À comparison of direct sums over the 

first 60 levels with the calculated sum over all levels 

shows that the first 60 levels contribute 99% of the sum 

of' -/? and over 99.9% of the sum of 



TABLE X 

Maximum íbsorption Coefficients 
for Various Rotational Levels 

J fJ 

2-v'. 

0 0.002 0.04-5 2.06 13.9 0.275 0.35 
15 0.038 0.197 39.5 266 5.28 6.7 
30 0.019 0.138 19.6 132 2.62 3.3 
4-5 0.0029 0.054- 2.98 20.1 0.4-0 0.51 
60 0.0016 0.013 0.165 1.11 0.022 0.03 
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The heat conduction length, m, is easily calcu- 

lated and using k = 14 X 10 cal sec cm 
Ol 

e = 

0.1514 cal 
oc-1, 1= l.03 and a chopping frequency 

of 1 c/s is seen to be almost exactly 1 cm at a pres- 

sure of 1 mm Hg. Table XI gives, for several pressures, 

the heat conduction length and its reciprocal along with 

the signal amplitude loss and. phase shift due to heat 

conduction in a cell 10 cm long. 

The approximate response theory indicates that the 

heat conduction effects become important when a is on the 

order of 1/rn or larger. comparison of the table of 

with the table of 1/rn should give some indication of the 

extent to which the heat conduction effects might be ex- 

pected. or in effect an estimate of the fractional con- 

tribution factor,».. 3ucb a comparison indicates for the 

strongest absorption band, il, the factorji should be 

close to unity for pure N20 over the entire pressure range 

studied while for the more dilute mixtures,p may be close 

to unity at the lower pressure but will become smaller at 

the higher pressures. On the other hand, for the two 

weakest absorption bands,». should be quite small except 

for the pure gas at the lower pressures. 

The last three columns in Table XI which give the 

sia1 It1oss and phase shift due to heat conduction have 



TÁBL1 XI 

Heat Conduction 1iffects at Various £ressures 

2 1ii .l Ii 
p in 1/in '2/2L w 

(mm 11g) (ein) (cni) sec) 

1 1 1 0.119 O.OLI2 515 

10 0.316 3.16 0.067 0.O2L 290 

100 0.1 10 0.037 0.013 160 

1000 0.0316 31.6 0.021 0.0075 92 



,;1 s i and hence represents an upper bound to the heat 
conIuction effects. 

i.n examination of the ex.perinental signal amjli- 
tude data shows qualitative agreement with the response 
theory in the rnediuiî to low pressure regions. The 10 

signal vs log pressure plots show a slope of about one 

in the niediurn pressure regions with a deviation from 

pressure linearity at the lower pressures as predicted. 
In the medium pressure region where heat conduction 

effects should be small, the sinal amplitude is roughly 

proportional to the square root of Xa as pre- 
dicted. it the higher pressures studied the theory pre- 
dicts an increasingly linear dependence on pressure while 

the experimental data show the previously mentioned 

saturation and even inversion of jressure dependence. 

This effect is apparently due to the failure of the 

assumption of absorption additivity in the spectral re- 
gions between the adsorption maxima which permitted the 
summation of a collection of Lorentzian lines. This 

failure may be illustrated as follows: since the half 
distance between two successive lines as given by the 

rotational constant is, for N20, about ten times the 

line half width at atmospheric pressure, the absorption 
coefficient of each of the two lines at the midpoint be- 

tween them will be on the order of' 1/loo the maximum for 
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the line. Thus it may be seen that aL is not small 

compared with. unity at the midpoint between lines at 

the hiher pressures. Even in the weakest bands aL is 

about unity for the midpoint between the most intense 

lines in these bands. Due to the linear dependence on 

pressure of the line half width, the saturation effect 

is roportional to the square of the pressure and thus 

decreases rapidly as the pressure is lowered. 

i.lthough the signal amplitude measurements are 

more useful as a test of the theory of the response of 

a spectrophone apparatus than as a means of rneasurin 

the vibrational relaxation tine, the amplitude does de- 

pend to a certain extent on the relaxation time and thus 

the amLiltude data may, in some cases, provide an estimate 

of the relaxation time. The amplitude response depends 

inversl in the square root of 1 
(,)2 and thus will 

deviate from pressure linearity when r is comparable 

with unity. In the present case a -Ç (at one atmos- 

phere) of lOOjisec should cause a signal "loss" at i mm 

Hg of about the saine magnitude as the heat conduction 

loss. As was mentioned in the development of the theory, 

a on the order of lOysec should 4ve a diffusional 

length of about the same magnitude as the heat conduction 

length when the pressure is lowered to 1 mm Hg. The 

signal loss due to the diffusional effects should 
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behave in the same manner as the heat conduction effect 

except for the stronger pressure dependence of the dif- 

fusional loss. Neither the theory or the experimental 

data are precise enough at the present time to give an 

accurate estimate of the relaxation time. However, a 

on the order of lOpsec would seem to be consistent with 

the experimental data while a y0 on the order of 100,psec 

should cause a greater "loss" of signal at the lower I)res- 

sures than that actually observed. 

An examination of the plotted delay time data is 

rather disappointing. Jhile the heat conduction phase 

shift should cause a deviation from the otherwise ex- 

pected linearity with reci:rocal pressure, this effect 

should be on the order of O0?sec whereas the experi- 

mental data have a total variation of l8 msec. Except 

in the high pressure region the data for all of the mix- 

tures and. absorption bands studied save the same vari- 

ation with 1/p. The 2/3 band, which should have the 

longest relaxation time, is the one that shows the small- 

est delay time at the high pressure limit. This anon- 

abus behavior is readily explained in terms of the fail- 

tire of' the assumption of absorption additivity between 

absorption lines. Thus the smaller delay time at high 

pressure is due to the greater absorption intensity oÍ' 
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the 11 band. The remaining behavior of the delay time 

data is quite unexplainable in terms of the present 

spectrophone response theory and is presumably due to 

phase shift caused by microphone resonance. If there 

is indeed a microphone resonance in the vicinity of the 

chopping frequency the possible effects under pressure 

variation are two-fold. First, the amount of the phase 

shift near resonance will vary with pressure due to the 

viscous damping of the microphone and its venting holes 

and secondly, the resonance frequency itself will change 

due to the "accession to inertia". Unfortunately the 

mathematical complexities and the number of variables 

involved in the microphone response preclude any reason- 

able calculation of these effects. 

n appropriate way to eliminate the microphone 

effects would be to use a calibrating or "blank" run in 

which the delay time was measured over the pressure range 

of interest for a gas whose relaxation time was negli- 

gibly small thus measuring essentially the phase shifts 

due to the microphone which could then be subtracted 

from the other experimental results. Ideally the cali- 

brating gas would have all the physical characteristics 

of the gas whose relaxation time it was desired to 

measure with the exception that the calibrating gas 

would have a very short relaxation time, thus avoiding 
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any changes in the inertial or viscous effects on the 

microphone. In practice this situation is somewhat 

difficult to achieve although a small amount of a very 

light gas such as hydrogen might be added to the gas mix- 

ture being studied thereby reducing the relaxation time 

due to the lower reduced mass of the collision system. 

Another method would be to use microwave rather than 

infrared radiation for the calibration and. thus cause 

excitation of pure rotational lines whose relaxation time 

is very small compared with the vibrational relaxation 

time. 

In te present case the gas mixtures being studied 

may serve as their own calibration. Since the experiment 

was originally designed to measure the possible longtT 

relaxation time of the high frequency vibration, 1/3e the 

other three bands studied may be used as the calibration. 

These three bands, all containing the -i/1 fundamental, 

should have about the same relaxation time. Furtìermore, 

due to the Fermi resonance between and the overtone 

of the low frequency mode 2 
2' 

their relaxation time 

should be the -r0 of around one psec as determined by 

acoustic dispersion methods (1, p. 85) (3, p. 175). 

The lowest pressure at which the bands -, 2-/, 

or + were measurable was about 10 min Hg. ven 

at this pressure, however, no measurable difference in 
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the delay times of these bands as compared with the de- 

lay time of the band was observed. Then assuming an 

experimental error of 200,psec and a possible heat 

conduction phase shift of' '30Ojisec at 10 mm 11g, 7 

(at one atmosphere) for the 2/3 band in N20 must be equal 

to or less than 5,,psec. 

This result, that the 1/3 band has a relaxation 

time of the same order of magnitude as the other bands 

studied, indicates that the collisional de-exitation of' 

a high frequency vibrational mode in a polyatomic mole- 

cule takes place by a series process rather than by a 

direct process. In the series or stepwise de-exitation 

process the vibrationally excited molecule undergoes 

several successive collisions each of which remove some 

of the vibrational energy while the remaining energy is 

interconverted, during the collisions, from the original 

mode through a series of lower frequency rornbination, 

overtone and fundamental states. The relaxation time 

for this series process may, depending on the ease of 

interconversion of energy between modes during collision, 

be only slightly longer than the relaxation time of the 

intermediate modes. In the direct process, the relax- 

ation time for a high frequency mode would be expected 

to be much longer than that for a low frequency mode 

due to the strong dependence on energy as shown by 
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equation (2). 

Another interesting application of the present 

theory is to the recent work of Jacox and Bauer (7, p. 

842-83). They have shown phase shift vs 1/p plots for 

three infrared active bands in CO2. Their results show 

a deviation from linearity at low pressures which is not 

only in the proper direction for the phase shift ex- 

pected from heat conduction effects but also increases 

with increasing absorption intensity of the three bands 

as should be expected. 
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