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The velocity of sound in gases was measured, using an ultra- 

sonic wave train as a diffraction grating. The fundamental problems 

involved in the optical technique are discussed. An apparatus utiliz- 

ing an objective lens of focal length 1. 5 m and aperture f/20 was con- 

structed and used at an ultrasonic frequency close to one Mc sec -1 to 

photograph the diffraction of the Hg 5461 A line in argon, nitrogen, 

nitrous oxide, and ammonia at pressures from O. 23 to 10 atm, with 

exposures between O. 02 and 1100 seconds. In later work, optics 

based on the Lyot coronagraph were added to the apparatus, causing 

a reduction in background light. The intensity of the first -order dif- 

fraction image was found to be proportional to the square of pressure. 

By superimposing the diffraction image produced by a non - 

dispersive gas used as a standard on the image produced in the un- 

known gas, it was possible to measure V2 with an error of + O. 2 

percent. Sources of this error are discussed. 
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A well -defined dispersion curve was found for nitrous oxide, 

from which a relaxation time at one atm and 300° K of T= 0. 99 x 10 6 

sec was obtained, in excellent agreement with the results of workers 

using ultrasonic absorption or interferometry. 

Sound velocity measurements in ammonia at pressures up to six 

atm yielded V02 = 19. 122 x 104m2sec -2, in excellent agreement with 

the theoretical value. A correction for the non -ideality of ammonia, 

V2 = Vi (1 - 13. 9 x 10-3p), was determined. No dispersion was 
exp 

observed in ammonia at f/p values up to 2. 15 Mc sec- 1atm -1. When 

the results of other workers are critically evaluated, applying the 

correction formula determined here, all but one previously reported 

dispersions in ammonia disappear. The dispersion reported by 

Petralia for rotational relaxation is found to fit the V2 limits pre- 

dicted for vibrational relaxation and gives a relaxation time of about 

0. 6 x 10 
-8 

sec. 

The factors contributing to the width of the diffracted lines are 

discussed, and a method for using the line width to determine the 

maximum in the absorption curve is suggested. 
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OPTICAL DIFFRACTION STUDY OF ULTRASONIC 
SOUND VELOCITY IN NITROUS OXIDE 

AND AMMONIA GASES 

INTRODUCTION 

Ultrasonic sound has a frequency greater than the highest fre- 

quency which can be detected by the human ear; this is about 20 kc 

sec -1. Ultrasonic sound is of special interest to chemists because 

it can be used to study the transfer of molecular energy in gases and 

liquids. This paper is principally concerned with gases. 

The simple kinetic theory model of a gas (51, p. 209) can be 

used to describe many of the macroscopic properties of a gas. In 

order to study the mechanisms by which molecules share energy or 

interact to make and break chemical bonds, however, one must also 

examine the internal structure of molecules. 

The kinetic theory explains the translational energy of a mole- 

cule. Besides being able to move through space, a molecule can also 

rotate or tumble in space around two axes if it is linear, or three if 

it is nonlinear. In addition, the atoms in a molecule can move in re- 

lation to each other in vibrational motion. A molecule of n atoms is 

a coupled mechanical system with 3n - 6 (3n - 5 for linear molecules) 

fundamental modes of vibration. Since the electrons of a molecule 

are also in motion, a molecule thus possesses energy of translation, 
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rotation, vibration, and electronic motion. 

Because the electronic quanta are very large, temperatures of 

thousands of degrees are needed to activate higher electronic energy 

levels. We are not concerned with these here. Translational quanta, 

on the other hand, are small, and all translational levels can be con- 

sidered to be accessible at room temperature. Rotational quanta are 

also small, and rotational levels can be considered to be classically 

distributed at room temperature. Vibrational quanta, however, are 

of the order of a few kT at room temperature and therefore cannot be 

considered classically. 

Each of the degrees of freedom can be considered to be approxi- 

mately independent, and their individual contributions to the thermo- 

dynamic properties can be calculated separately. That an equilibrium 

is established among them over a large range of conditions implies, 

however, that they interact to share energy in some manner. By 

understanding the molecular mechanisms responsible for these inter- 

actions, a clearer comprehension of the processes involved in chemi- 

cal reactions is possible. 

It is difficult to understand how a lone molecule can by itself 

exchange energy between its different degrees of freedom. The inter- 

action of molecules with infrared radiation is a well -known mecha- 

nism by which a molecule may lose or gain vibrational energy. This 

mechanism cannot be the general one, for homonuclear molecules, 
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which must be at thermal equilibrium, cannot interact with infrared 

radiation. The only other mechanism imaginable is the perturbation 

of the molecules by a force field which can interact with the specific 

energy concerned. Such perturbations take place when molecules 

collide; this is the principal method by which energy is transferred 

to and from the internal molecular degrees of freedom. This trans- 

fer is a relatively rare event compared to the actual number of col- 

lisions which take place in a gas, and it resembles a chemical reac- 

tion. The study of the transfer of energy by collision, therefore, al- 

lows a detailed study of the excitation of a few quanta of vibrational 

energy analogous to the excitation of many quanta during which the 

bonds of a molecule rupture. 

In order for an effective interaction to take place between the 

force exerted in an encounter between molecules and an intramolec- 

ular vibration, the duration of the encounter, and hence the period of 

action of the force, must be similar to the period of the vibration. 

In simple gases at room temperature, the average relative molecular 

velocity is about 3 x 104 cm sec -1, and the distance over which the 

interaction is effective is about 10 -8 cm. The period of encounter is 

then about 3 x 10- 13sec. A typical molecular vibrational frequency 

is about 1000 cm -1 or about 3 x 1013sec -1, and thus it has a period 

of about 3 x 10 -14 sec. It can be seen then that only molecular en- 

counters which have much higher than average relative velocities are 
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likely to be able to affect vibrational energy. Since such encounters 

are rare, the overall probability of energy transfer in collisions is 

therefore low. 

Many types of physical processes, e. g. , dielectric polariza- 

tion, paramagnetism, and molecular rotation and vibration, exhibit 

relaxation. These processes are generally characterized by the 

change of a physical quantity, followed by a slower process of equi- 

libration of other quantities. The relaxation time of such a process 

gives an indication of the time in which essentially stationary condi- 

tions will be reached after the initiation of a particular change in a 

physical quantity. 

The mechanism of vibrational relaxation can be physically un- 

derstood as follows: If energy is supplied to a gas, it is initially 

taken up by its translational degrees of freedom and appears as a 

higher temperature. At this instant the increased translational en- 

ergy is not in equilibrium with the internal degrees of freedom. 

Energy then flows from the translational to all of the internal degrees 

of freedom until they are all in thermal equilibrium. This process 

occurs during molecular collisions. Since it has been shown both 

theoretically and experimentally that the rotational degrees of free- 

dom adjust very rapidly compared to those of vibration, both transla- 

tion and rotation can be considered as external degrees of freedom 

in the study of vibrational relaxation. The molecular vibrations 



5 

receive their share of the energy through a slower process of ex- 

change, vibrational relaxation. 

The velocity of sound in a gas is a bulk property of the gas, which 

depends on its heat capacity and thus its vibrational energy. In the 

case of an ideal gas, 

V2 = 
RT 

(1 + R/Cv). 

The different frequencies of sound provide a built -in time scale which 

can be varied experimentally. The velocity of sound can be measured 

at a low frequency and a static value corresponding to the equilibra- 

tion of energy among all the degrees of freedom obtained. The char- 

acteristic time for an experiment can then be shortened by increas- 

ing the frequency until some value of the frequency is reached, whose 

period is too short for equilibration of vibrational energy but still 

slow enough for the equilibration of translational and rotational ener- 

gy. The velocity depends only on the heat capacity of the translational 

and rotational motion. The frequency at which this happens is then 

related to the relaxation time for energy transfer to vibration. The 

frequencies found to be effective for most molecules are in the ultra- 

sonic region. Further increase of frequency leads to rotational re- 

laxation, and finally to the order of time equal to the average time 

between molecular collisions, at which point a discussion based on 

thermodynamic properties breaks down. 
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THEORY OF SOUND PROPAGATION IN GASES 

Thermodynamic Sound Velocity Equation 

In 1686 Newton (10, p. 378) developed an expression for the 

velocity of sound for a fluid medium, on the assumption that sound 

propagation takes place without change of temperature. Subsequent 

experiments did not support his hypothesis, and Laplace in 1816 (43, 

p. 297) advanced the theory that sound propagation is adiabatic and 

follows the relation 

V2 = (dP )s (1) 

For an ideal gas, reversible adiabatic changes are governed by the 

expression 

const, (2) 

where y = C /C , the ratio of the static specific heats, p is the 
p v 

pressure, and p the density of the gas. Introducing the ideal gas 

equation 

pv = RT 

for one mole of gas (1) becomes 

V 
RT R 

M M C v 

(3) 

(4) 

pvy = Pr - 

) , 
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where R is the gas constant per mole and M is the molecular 

weight. Measurements for air at normal pressures and low frequen- 

cies have confirmed this relationship to a high degree of approxima- 

tion (4, p. 87). A more general expression for V2 is 

2 (8p) +(8p)2(MT2) 
P T P CvP 

(5) 

the development of which is given by Cottrell and McCoubrey (1 3, p. 8). 

General Considerations on Relaxation 

Jeans (33, p. 242 ) put forth the idea that molecules might re- 

lax at sufficiently high frequencies, and Einstein (21) predicted re- 

laxation for a dissociating gas, though at the time the problem was 

thought to be purely an academic one. It was not, however, until 

after Pierce's discovery of ultrasonic dispersion in carbon dioxide 

(56) that Herzfeld and Rice developed their important theory of 

thermal relaxation (30). 

Herzfeld and Litovitz (29, p. 49 -159) develop this theory and 

its application to different molecular models in great detail. Only 

an outline of the theory will be given here, however. 

If it is assumed that only vibrational energy lags in an acoustic 

cycle, E' (Ttr) represents the vibrational energy in equilibrium with 

the external (translational and rotational) degrees of freedom at a 

= 
, 
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temperature Ttr. In general, in acoustic measurements a momen- 

tary value E' is observed, which is less than E' (Ttr). The relaxa- 

tion equation is then 

r 

_ T- d T [ (E') - (Ttr))] 

where T is the relaxation time. For small temperature changes 

starting with To 

r 

Er - Eo = Cl(Ti - To) , 

(6) 

(7) 

where C' is the heat capacity under equilibrium conditions and is 

the same as (Co - Coo), the difference between the static heat capacity 

and that at high frequency. 

Then the energy form of the relaxation equation can be con- 

verted to a temperature relation 

dt' - T -T (T - Ttr). (8) 

If the translational temperature is raised suddenly at t = 0 from 

T 
0 

to T1, and if the external temperature is kept constant at T1 

after t = 0, the solution to (8) is 

T = T 
1 

+ (TO - T1) exp (- t/T). (9) 

(E' , 

r 

T 

- 



Then rewriting (8) gives 

d(T - T ) 

0 
T - T0 

+ T at Ttr - TO 

9 

(10) 

If the excess translational temperature Ttr - T 
0 

is proportional 

to exp(iwt) (w is the angular frequency of the sound wave), the quantity 

T - T 
0 

will also be proportional to exp(iwt). 

equation becomes 

T TO 
_ 1 

Ttr- TO 1+ iwT 

which can be rewritten as 

dT 1 

dTtr 1 + iwT 

In the steady state this 

(11) 

(12) 

The effective heat capacity suitable for the dispersion equation 

is obtained as the quantity dE /dTtr. The change in total internal 

energy is 

and 

which then gives 

I dE= Coo dTtr+C dT , (13 

C idT tr 
C IdT j - , (14) 

1 + ic.)T 

, 

- 
_ 

tr 



C CO CC 

(Cv)eff- C 
+ 1+iT w 

C+1+iwT' 

This quantity is a complex number which can be written 

where 

and 

(Cv)eff = A + iB , 

CO + wT C 
A- 

-B 

1 +w 2 T 

T(C0 - Coo) 

1 +w2T2 

10 

(15) 

(16) 

If (Cv)eff is inserted into equation (4) for the velocity and only the 

real part is retained ( This may be done because the phase velocity 

is very close to the contribution of the real part only (37). ), 

V2 ' RT 1+ R 
CO 

+ 

w2T2C 
( ) M CO2 

2T2C2oo 

(17) 

At frequencies which are low compared with the inverse of the 

relaxation time, (øT« 1), (17) becomes 

(18) 

Coo 
_ 

00 

- 

) . 



and at high frequencies (A) t » 1), (17) becomes 

2 - RT 
(1 + ) M C 

The combination of equations (17), (18), and (19) yields 

2 C v2 - V2 
w 

2T2 0 w 0 

2 2 v 2 c v 

11 

(19) 

(20) 

These equations give the familiar sigmoid curve for V2 vs c.) , 

which has an inflection point at 

1 CO 
w inf T C 

(21) 

which defines T. Figure 16 illustrates this curve for nitrous oxide. 

Application to a Real Gas 

Before the results derived in a b o v e can be applied to sound 

velocity measurements made in a real gas, a correction must be 

made for the deviation of the gas from the behavior of an ideal gas. 

Equation (1) may be rewritten in the form 

2 â p v2 
V = - y ( â)T (22) 

where v is the volume of 1 mole of gas. This relation can then 

R 
G° 

M 

1j 

_ 
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be used with an appropriate equation of state for the gas being studied. 

An equation which is often used at moderate pressures is 

pv = RT + Bp (23) 

where B is the second virial coefficient. Using (22) and neglecting 

higher powers of B gives 

V = M(RT +2Bp). (24) 

The combination of (24) with equation (1) for an ideal gas yields the 

ratio 

2 

V2 

-Yd(1 R T). 

id y 

(25) 

Only a knowledge of y /yld is then necessary to correct the experi- 

mental velocity. y can be derived from the following thermody- 

namic relationships (24, p. 163): 

and 

(y - 1)Cv 
= T(aT)v (2 

8T (26) 

ac 2 

( 
8 v ) ,h = T( a p2) 

aT 

Then for a gas obeying equation (23) 

(27) 

aT 



and 

R + 2pB 
Cy 

Y- 1 

C = C 
id 

- 2pB - pTB , 
v v 

13 

(28) 

(29) 

where the primes indicate differentiation with respect to temperature. 

Equating (28) and (29) gives 

Cid 
- pTB 

id 
v 

Y 
2 B - p pTB TB1 Cy p 

( 30) 

Then substituting (30) into (25) and neglecting small quantities gives 

V2 = + 2PB' + 
2B.p 

V2 Rc(c` + 1) 7-c---) RT ) 

id 

where c = /R. Or finally 

where 

Vi 1 +RT ' Vid 

2 

S- B +B'(c)+B'f (2c(c + 1) ) 

(31) 

(32) 

(33) 

This equation was first applied by van Itterbeek and Mariens (68). 

Thus, with information about the second virial coefficient of a gas, 

the ideal velocity can be calculated from the experimental velocity. 

( 1 (1 

R + 

- 

, 

= 

' 
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Herzfeld and Litovitz (29, p. 188) arrive at an equivalent result using 

the equation of state 

RT 1 + Bp. (34) 

Hirschfelder, Curtiss, and Bird (31, p. 232) state an equation for the 

velocity in terms of a reduced second virial coefficient B'` and its 

first and second temperature derivatives, which they also tabulate. 

Richards and Reid (61) and Beyer (3) have corrected the ideal gas 

formulas for the van der Waals equation, Eucken and Becker (22) 

have used the Sutherland equation, and Rossing and Legvold (63) have 

employed the Beattie -Bridgemann equation, 

pv 
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THE OPTICAL DIFFRACTION METHOD 

In 1922 Brillouin (7) predicted that if progressive waves of com- 

pression of short wavelength were sent through a liquid, and if at the 

same time the liquid were irradiated with light, the regular pattern 

of density variations in the liquid could act as a diffraction grating 

toward the light. In 1932 two pairs of workers, Lucas and Biquard 

(44) and Debye and Sears (19), first observed the diffraction of light 

due to a sound wave in a liquid. Figure 1 illustrates the typical ex- 

perimental set -up for this experiment. Monochromatic light is di- 

rected through a slit S and is made parallel by means of a colli- 

mating lens L1. The light then passes through the sound field of 

width d produced by the transducer Q and is focused on a plate P 

by a condensing lens L2. Figure 2 illustrates the diffraction of light 

by the sound field. The sinusoidal procession of compressions and 

rarefactions is moving upward, and at some instant maximum com- 

pression can be represented by the horizontal lines. The distance 

between these maxima isl 1, the wavelength of the sound. 

In general, the gas being studied does not have the same index 

of refraction as its surroundings. The light is thus refracted on 

entering and leaving the sample, as is represented by the primed and 

unprimed angles. The necessary condition that two rays emerge in 

phase to give constructive interference is that 
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!F- d---)1 I11\ \III 
S 

4 

Figure 1. Experimental Arrangement for Observing Light Dif- 
fraction by Ultrasonic Waves. 

Figure 2. Ultrasonic Waves as a Diffraction Grating. 
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AB - CD =A(sin 0 - sin a) _ X , ( 35) 

where X is the wavelength of light in the sample. 

From Snell's law 

sin a _ sin 0 X 

sin a sin 0 X 
(36) 

Then by using (36) in (35), 

(sine - sine) _ X. (37) 

Since the light beam is usually incident parallel to the ultrasonic wave 

front, this equation can be written as a grating equation; 

i\sin0 = X , (38) 

in which the wavelength of the sound wave! lis the grating constant 

(6, p. 590 -607). Sin 0 can then be replaced by 6 /F, where 6 is the 

linear displacement of the diffracted image on the plate and F is 

the focal length; or 

6/F = A/A. . (39) 

Martinez (49, p. 162 -167) has shown that the error of this approxima- 

tion is less than 0. 01 percent. From this relationship the wavelength 

of the sound may be determined from a measurement of the distance 

between the diffracted and zero -order image on the plate. A 

/ 
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knowledge of the frequency of the oscillator then allows the calcula- 

tion of the velocity of the sound wave. 

It should be noted that equations (35) and (37) are deliberately 

simplified to allow only two diffraction maxima instead of the multi- 

ple orders permitted by the general grating theory. This is done as 

a consequence of the sinusoidal nature of the rulings of the grating. 

(62, p. 89). This formula was first tested by Lucas and Biquard and 

Debye and Sears. In their experiments they found a number of 

"spurious lines" in addition to the predicted diffraction spectrum. 

The theory of the intensity of the lines in the diffraction spec- 

trum has been studied in great detail. Raman and Nath (57, 58, 59, 

60) have shown that the intensity of the nth -order line is given by the 

square of the Bessel function Jn (27r µlc/X) times B2, where B is 

the amplitude of the incident light wave, µl the change in refractive 

index of the medium, d the width of the sound field, and X the wave- 

length of the incident light. 

For the present experiment, the theory developed by David (17) 

in which the intensity of the nth -order image is proportional to E 

2n 

where E = µ /µ(r 1/X )2 or, in the case of a gas, E = µi(1. /x )2, is 

more convenient. The necessary condition for David's theory to be 

applicable is that 

>> 
µ1' 

(40) k 
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In this experiment X = 5. 46 x 10 -5cm and d = 4. 4 cm or A/d = 

1. 2 x 10 -5; a rough estimate of µl is 10 -8. In this case the theory 

is applicable. 

Very useful for an understanding of the limitation of the optical 

method is the expression for the ratio of the first -order and zero - 

order lines derived from David's theory by Korff (39), 

where 

I1 2n 2(µ0 
1)2 

E 
d 2 sin2 ß 

- 

IO pV2 (x ) 2 
P 

= n 
(aA + i)X 2 

Pi 

(41) 

(42) 

and p is the specific gravity of the gas, µ0 the refractive index of 

the gas, E the ultrasonic energy per cm 3, and a the angle between 

the impinging light rays and the sound wave front. When a = 0, (41) 

reduces to 

I+ 21r 2(µ0 
1)2 

E(d 
) 

2 sin2( 2( TrdX/2A2 ) 

IO 
V2 (TrdX/2A2)2 

(43 

Since E is proportional to p, and (µ0 - 1) 2 is proportional to p2, 

the intensity ratio itself is proportional to p2. 

The frequency dependence for (43) has a different form for high 

p 

l - 
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and low frequencies. For low frequencies sin x /x2 (where x - 2n 
) 
) 2A 

is approximately 1 and (43) is proportional to f2, since E is propor- 

tional to f2. For high frequencies sin2x /x2 is approximately 1x2, 

and thus (43) is proportional to 1 /f2. 

These considerations indicate that the optical method is limited 

in the range of frequencies in which it may be applied, since a tenfold 

increase or decrease in frequency decreases the line intensity by a 

factor of 100. Corroboration is offered by the failure of both Marti- 

nez (49, p. 83 -85) and the author to detect diffraction in air at 7 Mc 

sec -1 and 0. 1 Mc sec -1 respectively, although the crystals used 

were believed to be activated. 

After Bar (2) showed experimentally that the higher -order dif- 

fraction lines were due to multiple passages of the light from side to 

side in the sound beam, Raman and Nath formulated his results into 

a theory which predicted the positions and intensities of the extra 

orders. They were also able to explain the waxing and waning of in- 

tensity in the diffracted light observed by Debye and Sears when the 

angle of incidence between light and sound fields is changed. 

Finally the relations 

for stationary waves and 

sing n 
- 2nX 

sine nA 

A 

(44) 

(45) 

A 
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for progressive waves can be used with (39) for velocity measure- 

ments (4, p. 138). More recently Klein, Cook, and Mayer (36) have 

treated the problem of light diffraction by an ultrasonic field of arbi- 

trary period, frequency, beam width, and angle of incidence. 

The optical diffraction technique has been widely used in study- 

ing sound velocity and absorption in liquids. It has been infrequently 

applied to gases, however, since the experimental difficulties are 

greater. In addition to the work of Bär mentioned above, Korff (39) 

studied the relative intensities of the diffraction in air. Petersen (54) 

developed a method for observing the variation in the integrated in- 

tensity of the first -order diffraction as a function of distance from 

the ultrasonic source. Keller (34) used Petersen's method to meas- 

ure the absorption coefficient in five pure and mixed gases. Goll- 

mick (25) photographed 15 orders of diffraction using an intense ul- 

trasonic field. Bummel (5) attempted to detect sound dispersion in 

in CO2 by observing diffraction, using Bergmann's technique for ex- 

citing a quartz crystal in its fundamental mode and its third and fifth 

overtone simultaneously (8). He succeeded in detecting dispersion 

in a mixture of 10 percent H2 in CO2. Finally, Hayess and Wind (27) 

studied the sound velocity in nitrogen at pressures up to 85 atmospheres. 

They claimed an accuracy of 0. 3 percent in their measurements. 

Equation (39) in the form 

(46) Sn X 

F A 
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can be used to calculate the wavelength of the sound in the sample. 

To use this expression, however, requires an accurate measurement 

of F, which is impractical here, and an absolute measurement of 

on, which is extremely difficult. The procedure of superimposing 

photographs of the diffraction in the standard and experimental gases 

eliminates the necessity for knowing F and also any possible errors 

due to alignment of the slit with the plane of the sound field or align- 

ment of the diffraction images perpendicular to the direction of travel 

of the comparator with which the linear spacings are measured. The 

actual calculation of the ultrasonic velocity in the dispersive gas is 

carried out using 

V2 
1 12f 2 

251 f 

V1 A1f 1 2S2 
fl (47) 

in which subscript 1 refers to the standard gas and subscript 2 to 

the experimental gas. 261 and 252, the distances from plus first to 

minus first order, are the actual distances measured. 
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EXPERIMENTAL APPARATUS AND METHOD 

The apparatus used in this study is a modification of that origi- 

nally constructed by Martinez (49, p. 55 -81). 

Optical System 

Figure 3 illustrates the optical system used in the first phase 

of the present work. L is a General Electric H400 -EIT mercury 

lamp rated at 500 watts. L1 is a condensing lens with a 65 mm focal 

length used to focus the lamp image on the slit Sl1. Sh is a Compur 

shutter with speed setting between 1/200 and one second as well as 

"time". F is a Baird Atomic B -1 interference filter with peak trans- 

mission at 546. 1 mµ which has 81 percent maximum transmission at 

the peak wavelength, a 7. 6 mµ band width at one -half maximum 

transmission, a 14. 2 mµ band width at one -tenth maximum trans- 

mission, and a 250 mµ band width at one -one hundredth maximum 

transmission. This filter replaces a series of liquid filters used by 

Martinez. Si is a slit constructed from a double -edged razor blade 

by Martinez. He reported a slit width of about O. 04 mm. L2 and L3 

are a pair of plano- convex f/20 lenses of 1500 mm focal length. 

These replace a pair of Aero Ektar K22 f/6 lenses of about 610 mm 

focal length used by Martinez. This change not only increases the 

linear dispersion on the photographic plate, but, more importantly, 



Figure 3. Optical System Used in First Phase of the Present Work. 

Figure 4. Improved Optical System with Coronagraph Optics Used in Final Phase of 
the Present Work. 
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greatly reduces the stray light in the system. This is due in part to 

the reduction of the number of air -to -glass surfaces from 16 to 4 

(Martinez's lenses were triplets, and he used plate -glass windows in 

the gas cell; these have been replaced by the lenses in the system 

described here.) and also in part to the decrease in stray light in the 

lenses, which were made from borosilicate crown glass with an ex- 

tremely high polish. To minimize scattered light, L2 and L3 were 

cleaned by a procedure recommended by Evans (23). Each lens was 

washed in a detergent solution and rinsed thoroughly under flowing 

distilled water with much rubbing. The lenses were dried with a soft, 

lintless cloth; any lint or dust on the lens surface was removed with 

a radioactive brush. The lenses were then polished by rubbing the 

surfaces with nose oil obtained by first touching the nose with a fore- 

finger previously washed with detergent, then lightly touching the sur- 

face of the lense in two or three spots, leaving distinct fingerprints. 

The oil was then spread in an extremely thin film over the surface by 

rubbing with a clean soft cloth with short, vigorous, circular strokes. 

The progress of the polish could be determined by feel; the friction 

in polished areas was noticeably less than on the bare glass. When 

the lenses were held in direct sunlight and viewed against a dark 

background, the polished area appeared more brilliant (i. e. , darker) 

than the bare glass. Experience showed that the lenses became pro- 

gressively dirty during the course of an experiment and had to be 
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recleaned and polished from time to time. 

Since the experiment was carried out with the 5461 R Hg line, 

no problems arose from chromatic aberration, and other aberrations 

were minimized by the relatively large f value. M is a mask sus- 

pended in front of the plate P so that it blocks out the zero -order 

image. 

The distance along the optical path between the interior sur- 

faces of the lenses is about 18 cm. The distance of travel through 

the ultrasonic field, however, which partially determines the inten- 

sity of diffraction, is a maximum of 4. 43 cm, which is the diameter 

of the quartz crystal producing the ultrasonic wave. 

The sharpness of the image on the plate is a maximum only 

when the slit is at the focus of L2 and the plate is at the focus of 

L3. The plate is focused simply by moving the plate -holder back 

and forth at P while observing the image on a ground -glass screen. 

The slit is focused by placing a mirror in the cell and reflecting the 

slit image on to a mask which covers one -half the slit height. The 

slit is then moved back and forth on the optical bench until the slit 

and its image are the same size. 

The optical system described above was used in all of the ni- 

trous oxide experiments. In anticipation of increased experimental 

difficulties in further work, this equipment was modified. Figure 

4 illustrates the optical system used in the final phase of the present 
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study. The elements of the system are the same except for replac- 

ing Sll by S12, changing L2 and L3 so that their flat surfaces face 

into the cell, and adding the coronagraph optics to the right of L3. 

S12 is an Edmund adjustable optical slit. Figure 5 shows mi- 

crodensitometer traces of various slit images. A is the razor -blade 

slit, B is the Edmund slit, and C shows the shoulders produced by 

diffraction when the Edmund slit is made fairly small. The shoulders 

on C are asymmetric because the light beam and sound beam are not 

exactly perpendicular to each other. Although the new slit did not 

appear to improve the final image shape, its adjustability was useful 

in aligning and focusing the optical system. 

It was predicted that the first arrangement of lenses, in which 

the curved surfaces of L2 and L3 faced into the cell, would change 

the focal length of the system as the refractive index of the gas in 

the cell changed, either through varying the pressure of a gas in the 

cell or through using different gases. Simple refraction theory 

shows that light entering or leaving the cell through a curved lens 

surface comes to different foci as the refractive index of the interior 

of the cell changes. The focus does not change, however, when the 

light enters and leaves the cell through the flat surfaces of the lenses. 

An experiment to test a change in focal point due to the first lens ar- 

rangement was inconclusive. Figure 6, however, demonstrates that 

the zero -order image remains in focus in the second arrangement 
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when the gas pressure is changed in the cell. This plate was made 

thus: The cell was filled with one atmosphere of nitrous oxide and 

the image on the plate carefully focused. The pressure in the cell 

was then raised to ten atmospheres, and image A was exposed with- 

out refocusing the plate. If the focal point changes with pressure, 

image A should be out of focus, and refocusing should give a sharper 

line. After image A was exposed, the plate was refocused, and 

image B was exposed. Image B is not sharper than image A. The 

differences in images A and B are caused by inconsistencies in trac- 

ing the plate. There are clearly no detectable changes in focus due 

to changing the refractive index of the gas in the cell using the final 

lens arrangement. Image C shows the drop in intensity of the zero - 

order image when the sound field is on in the cell. 

The coronagraph optics shown in detail in Figure 7 were added 

to reduce background light inherent in the optical arrangement used. 

These include the zero -order image, the diffraction caused by the 

openings in the cell, and finally the images or excess light caused by 

reflections in the lenses. The coronagraph was first developed by 

Lyot (45, 46) to observe and photograph the solar corona. By using 

sophisticated optical techniques Lyot was able to observe portions of 

the corona whose radiance was 5 x 10 -6 that of the mean solar disk. 

Recently Newkirk and Bohlin (52) have described a coronagraph for 

use in balloons and satellites which can be used to observe portions 
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of the corona whose radiance is 10 -9 that of the mean solar disk. 

A mask M1 slightly larger than the zero -order image was 

placed in the focal plane of lens L3 to block out the zero -order 

image. The field lens L4 forms an image of the cell opening C on 

the mask M. The opening of this mask is circular and intercepts 

the somewhat larger image of the brilliant ring of diffracted light 

from the edge of the cell opening. The light diffracted by M2 is in- 

consequential since the overpowering light from the zero -order image 

has been cut off by M1. Behind M1 is a second objective lens L5 

which focuses an image of the mask M1 and any light diffracted by 

the sound field on the plate P. At the center of lense L5 is a small 

rectangular mask M3 which blocks out the small slit image formed 

by double reflection from the surfaces of the lens L3 and focused on 

M3 by the field lens L4. Due to a second objective lens L2, scat- 

tered light not compensated for by the coronograph optics is present 

in the system. No attempt was made to eliminate this stray light. 

Figure 8 demonstrates the removal of background light by the corona - 

graph optics. Image A shows the first -order diffraction line photo- 

graphed with lenses L4 and L5 in place but only one mask (M1) in 

place. B shows the reduction in background light when masks M2 

and M3 are added to the system. Both images were taken of dif- 

fractions in nitrous oxide at one atmosphere and with an exposure 

time of 135 sec. With this optical arrangement exposure times have 
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Figure 8. Microdensitometer Traces Illustrating the Decrease in 
Background Light Obtained by Using Coronagraph Optics. 
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been extended to 1100 seconds. However, background light becomes 

a problem again at exposure times as long as 500 seconds. Figure 9 

shows microdensitometer traces for two typical experiments using 

the coronagraph optics. 

Photographic Plates 

Two types of plates were used in the work reported here: Kodak 

type III -F and type II -G spectroscopic plates. All plates were backed 

by a film applied by the manufacturer which absorbed light which 

passed through the plate and thus prevented it from being reflected 

back into the emulsion. Type II -G plates have a relative sensitivity 

about three times higher than type III -F plates (20, p. 4d). The 

lower contrast and higher sensitivity of type II -G plates vs type III -F 

plates resulted in greater background fogging of the II -G plates. Thus 

the type II -G plates were not usable for the long exposure times 

needed to photograph very weak diffraction images; the resolution of 

type III -F plates is between 96 and 135 lines /mm (20, p. 4d). 

In the first stages of this study, exposure times were deter- 

mined by trial and error, using Martinez's predictions of how the 

intensity of the first -order image should change with width of the 

sound field, wavelength of light, sound velocity in the gas, frequency 

of sound, and pressure (49, p. 53 -54). In the later stages, a re- 

cording microdensitometer was used to measure the density of the 
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Figure 9. Microdensitometer. Traces for Two Typical Experi- 
ments. 
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images on the plate. By plotting the density of the first -order images 

vs exposure time for a series of images taken at the same pressure 

but differing exposure times, it was possible to determine the expo- 

sure time necessary to obtain a density of about 0. 6 above background 

for the first -order image at a given pressure. Figure 10 shows plots 

of exposure time vs pressure for different gases, plate types and R. F. 

voltages on the crystal. The lines obey the relationship 

log t = a log p + b, (48) 

in which a is about -3 for all cases except E, where there is insuf- 

ficient experimental data. In other words, the exposure time in- 

creases with the cube of the decrease in pressure. This does not 

mean, however, that the intensity of the first -order image is a func- 

tion of the pressure cubed. Photographic plates fail to follow the re- 

ciprocity law (20, p. 7), and this effect must be considered here. 

Instead, photographic plates follow a law of the form 

log I t = a log I + p, (49) 

in which I is the light intensity and (for the plates and experimental 

conditions used here) a is about - 1/2. Then from (48) and (49), 

log I- a log p+ b- p 
, 

a - 1 a - 1 

or finally 

(50) 
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a 
pa- 1 =C. p2. (51) 

The light intensity thus is a function of the square of the pressure as 

was predicted above by intensity theory. 

The Electrical System 

Figure 11 is a block diagram of the electrical system. Various 

power supplies were used from time to time during the period of 

study; any supply which would deliver up to 400 volts D. C. and 30 

milliamperes proved to be satisfactory. The oscillator was a Hartley 

oscillator built by Martinez. The crystal was an x -cut quartz disk of 

4. 43 cm diameter, silvered on both sides by the Brashear method (66). 

The crystal holder was that used by Martinez; the crystal rested on a 

metal table which served as the ground electrode and had an upper 

electrode of shim stock brass cemented in place with conducting paint. 

The voltage on the crystal was measured with a vacuum -tube volt- 

meter and adjusted to the desired value at the beginning of each ex- 

periment. The frequency of each experiment was monitored with a 

Hewlett - Packard Model 5232A electronic counter capable of measur- 

ing frequencies of 2 cps to 1. 2 Mc sec -1 with a time stability of two 

parts in 107 month -1. Frequency readings were taken throughout an 

exposure and then averaged. The frequency drift was never more 

than 2 ppm min -1 and was usually much less. 
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Temperature Measurement 

The temperature of the gas was measured with a Fenwall 

GB 32J2 bead thermistor, which has a time constant of two seconds. 

The thermistor was used as an element in a bridge circuit modified 

from Zeffert and Witherspoon (71). Figure 12 illustrates the circuit. 

The thermistor was calibrated by placing it in its normal position in 

the cell and suspending an NBS thermometer calibrated in units of 

0. 05° C next to it in the cell. The voltage across the bridge was re- 

corded on a Brown Class 15 Electronik recording potentiometer as 

changes in temperature took place in the cell. A plot of temperature 

vs recorder reading was then made. During the calibration process, 

the light and sound fields were turned on to simulate experimental 

conditions. Calibration curves were obtained for several voltages 

on the crystal. Temperature changes were obtained by changing the 

temperature of the room and allowing the temperature of the cell and 

its contents to equilibrate with it. A calibration curve good to 

+ 0. 20° C or + 0. 07 percent was obtained. After the initial aging 

process noted by Martinez, no change in the thermistor response 

was found in subsequent calibrations. Temperature drift was less 

than 0. 1°C min -1 during an exposure. 
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Gas System and Cell 

The gas system consisted of two parts: an all -glass section 

used at pressures of one atmosphere or less and an all -metal system 

used at pressures greater than one atmosphere. Initially the metal 

system was made from one -fourth inch copper tubing, but later it was 

rebuilt entirely from one - fourth inch stainless steel tubing. Figure 

13 shows the system schematically. SPL is the sample cylinder, STD 

the standard gas cylinder, HP a helicoid high -pressure gauge, GM a 

glass -to -metal seal, M a mercury - filled glass manometer, TG an 

RCA -1946 thermocouple vacuum gauge, T a trap, and C the cell. The 

Rs are high -pressure regulator valves, the Vs Whitey stainless steel 

high -pressure valves, the Ss glass stopcocks, and the Exs exhausts. 

The cell was constructed from a solid block of aluminum and 

was designed to withstand ten atmospheres. The lenses were attached 

by a set of brass and aluminum rings. The thermistor leads in the top 

of the cell and the high - voltage leads on the bottom of the cell were 

sealed by a Stupakoff seal. All of the other seals on the cell were 

made by 0- rings. Figure 14 shows a cross -section of the cell (Bolts 

used to assemble the cell have been omitted from the figure for clari- 

ty. ) in which T is the thermistor, L2 and L3 the lenses, Q the quartz 

crystal, V the high - voltage lead, and 0 the inlet and outlet. The 

small solid circles represent 0- rings. 
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Figure 13: Gas System. 
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Experimental Method 

In a typical experiment, the entire system was pumped on over- 

night by the forepump with a liquid nitrogen bath around the trap. A 

vacuum of less than 2 x 10 -2 mm Hg was obtained. A leakage rate 

of about 10- 3mm in four hours occurred in a leak test of the system. 

This rate is insignificant. The system was then filled with standard 

gas to one atmosphere and then pumped down to about 3 x 10 -2mm Hg. 

This was done three times in succession to condition the system. The 

entire system, or only the metal system, depending on the pressure, 

was then filled. After filling, the temperature of the gas was ob- 

served on the recorder. When the temperature drift became less 

than O. 1° C min -1, an exposure of the plate was made. The standard 

gas was then removed from the system and the experimental gas in- 

troduced using the conditioning cycle. (It is very important that the 

position of the plate be undisturbed during this process. ) After the 

second exposure was made, the plate was moved and the above proc- 

ess repeated for the next set of exposures. Up to six exposures 

could be taken on one plate. 

The plates were developed according to the manufacturer's 

recommendations: III -F plates in Kodak D -19 developer for three 

minutes at 20 °C (20, p. 19d). The plates were then fixed, washed, 

and allowed to dry overnight. 
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The positions of the lines on the plate were read with a Gaertner 

M1170-342 micrometer slide comparator, which has a range of 100 

mm, with direct readings to 0. 001 mm by use of a ten -part vernier. 

The relative positions of the four lines used were read five times 

with reproducibility of about + O. 002 mm for an average distance of 

7 mm. This gives an error of + 0. 04 percent in the readings of the 

distances between lines. 
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Nitrogen 
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To determine the consistency of the experimental results, the 

sound velocity in nitrogen gas was measured using argon as a stand- 

ard. Both gases were obtained from the Matheson Company, Inc. 

The purities claimed are 99. 998 percent for argon and 99. 996 percent 

for nitrogen. An analysis of the nitrogen is given in Table VII. Eight 

measurements were made, covering the f/p range 0. 111 to 1. 00 Mc 

-1 -1 sec atm . 

The real values for the sound velocity in argon were deter- 

mined using 

2 v300 
300 

V 
T 

T 

to correct for the temperature and 

V r i 
= V ( 1 + 4. 03x 10-5p) 

(52) 

(53) 

2 

(12) to correct for non - ideality. For argon, V. = 322. 61 m sec 1. 
1300 

The values obtained were then used in equation (47) to determine the 

real sound velocity in nitrogen, which was then corrected for non- 

ideality using 



V = V.(1 + 3. 23 x 10-4p) r i 

45 

(54) 

(12) and for temperature using (52). The values obtained are given in 

Tables I, II, and III. Figure 15 shows the experimental results. 

The square of the ideal velocity of nitrogen at 300 °K, 12. 463 

x 104m2sec -2, was calculated from relationship (4): 

V 2 _ yRT 
i M' (4) 

where y300° = 1. 400, since only the translational and rotational corn- 

ponents of the specific heat are active at f/p higher than 0. 1 

Mc sec -1 atm -1 
(13, p. 79). The experimental results agree with this 

value with a scatter of + 0. 024 x 104m2sec -2, i. e. , + 0. 2 percent. 

This can be compared to the usual accuracy of 0. 1 percent for veloc- 

ity determinations in the interferometer (13, p. 39). 

The errors in the square of the velocity come mainly from two 

sources: the error in the plate reading and the error in the tempera- 

ture measurements. The reading error for the position of a line is 

+ 0. 002 mm; the error for the difference between two readings (28) is 

+ 0. 0028 mm, or + 0. 04 percent. The error introduced in V from 

the ratio ofthe 25s is + 0. 056 percent; the error in the square of the 

velocity due to the plate reading is then + 0. 11 percent. The error in 

the temperature reading is + 0. 2 °, or + 0. 07 percent; the error in 

the square of the velocity due to the temperature ratio is then ±0. 10 
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Table I. Sound Velocity in Argon 
Expt. 
No. 

R.F. 
Volt 

p 

(atm) 
f 

(106sec 
-1 

) 

oT 

( K) 
t 

(sect 
2b 

(mm) 
V-1 

-1 
(msec ) 

66-Sa 70 0.999 0.99666 297. 91 600 8, 538 321.48 
c " 2.99. 0.99672 297.66 10 8.524 321.35 
d 2.04 0.99672 297.51 40 8.528 321.27 

67-Sa 3.95 0.99663 298.26 120 8.525 321.67 
b 5. 04 0.99663 298. 36 135 8.518 321.73 
d 6.94 0.99662 298.61 35 8.507 321.86 
e " 8.03 0.99654 298.81 20 8.498 321.97 
f 8.98 0.99654 298.71 10 8.496 321.91 

Table II. Sound Velocity in Nitrogen 
Expt. R.F. p f T t 2b V 

No. Volt (atm) (106sec-1) (°K) (sec) (mm) (m sec-1) 
66-Sa 70 0.996 0. 99670 297. 66 900 7.815 351.25 

2.99 0.99673 297.51 10 7.779 352.17 
d 11 2.04 0.99672 297.51 40 7.787 351.87 

67-Sa 3.95 0.99663 298.11 120 7.776 352.71 
b 5.04 0.99662 298.26 135 7.770 352.76 
d 6.94 0.99664 298.56 35 7.752 353.31 
e 8.03 0.99659 298. 51 20 7.762 352.63 
f 8.98 0. 99658 298. 66 10 7,754 352.85 

Table III Ideal Sound Velocity Squared in Nitrogen at 300 °K as a Function of f /p. 
V1 (x 104 V. 2( x104 V. ( x 104 

Expt. -4 T T 1300 

2 m 
-2 

2 m 
-2 2 

No. 1 +3.23x10 ) m sec -2) sec sec p ) 

f/p 

6 -1 
(10 m sec 

-1 
) 

66-Sa 1.0032 351. 14 12.3299 12.4273 
c 1, 00096 351.83 12.3784 12.4824 
d 1,00066 351.64 12, 3651 12.4690 

67-Sa 1.00128 352.26 12.4087 12.4869 
b 1.00163 352.18 12.4031 12.4750 
d 1.00224 352.52 12.4270 12.4866 
e 1.00259 351.72 12.3707 12.4326 
f 1.00290 351.83 12.3784 12.4341 

1.00 
0.333 
0.488 
0.252 
0. 198 

0.144 
0.124 
0. 111 

. 

" 

" 

" 

" 

" 

" 

^ 

" 
" 
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percent. The total predicted error is + O. 21 percent, which is es- 

sentially the same as was found experimentally. 

Improvement of the experimental precision would require an 

improvement in both the plate readings and the temperature measure- 

ments. Since the error in the line positions is already of the order 

of 0. 02 of the line width, little improvement can be hoped for in the 

plate reading. The error in the temperature measurement can 

probably be reduced by a factor of four by careful calibration of the 

thermistor over a temperature range of about two degrees, rather 

than over the ten -degree range used here. 

Nitrous Oxide 

Experimental Results. Martinez (49) used the optical diffrac- 

tion method to study sound velocities in nitrous oxide. His results 

showed a large amount of scatter, and his relaxation time of 0. 63 

x 10 -6 sec was faster than the best interferometer measurements. 

This discrepancy probably arose mainly from his use of a Ronchi 

ruling exterior to the gas cell to obtain a pair of calibration lines on 

his plates. He had no way of insuring that the diffraction image from 

the ruling was parallel to the diffraction image from the gas. 

USP anhydrous grade nitrous oxide, 99. 3 percent pure (Ohio 

Chemical Pacific Company), was used as the experimental gas, and 

argon was used as the standard. Thirty -two measurements of the 



sound velocity in nitrous oxide were made at f/p 0. 098 to 3. 99 

Mc sec -1. 

using 

49 

In this experiment the sound velocities for argon were corrected 

V 2 = r V. 2 (1 + 5.13x 10-4p) 
i 

and the sound velocities for nitrous oxide using 

V 2 = V.2(1 
r 

- 6. 11 x 10-3p) , 
i 

(55) 

(56) 

as reported by Martinez, Strauch, and Decius (50). These expres- 

sions were calculated from the expression 

I1+2bp i 2 

Vr 
= 

Vi2 
(I RT 

[B* 
+ (Y 

- 1)B1':c + i(Y 1) B2,, (57) 

(31, p. 232). 13 *, B17, and B2` are are a reduced second virial coeffi- 

cient and its first and second temperature derivatives. These quanti- 

ties and the b 
o 

s are tabulated in Hirschfelder, Curtiss, and Bird (31). 

Expression (56) was derived using the static value of Y for nitrous 

oxide. The actual corrections were made using (56) and then esti- 

mating Y from the resulting preliminary dispersion curve. A re- 

vised correction factor from the dynamic Y was used in the final 

correction for non - ideality (see Tables IV and V). 

The idealized values of the squares of the sound velocity in 

Vr2 
Y 



Table IV. Sound Velocity in Argon 

Expt. 
No. 

p 

(atm) 
R. F. 
Volt 

f 

(106sec-1) 
T 

(°K) 
t 

(sec) 
2 5 

(mm) 
V 

(m sec-1) 
30-Sa 0.472 100 0.99692 298.46 60 4.908 321.82 

b 0.944 100 0.99694 298.51 40 4.908 321.88 
c 2.36 70 0.99622 298.56 20 4.899 322.04 
d 4.40 70 0.99616 298.46 20 4.895 322.15 

31-SAa 0.283 100 0.99753 296.91 60 4.916 320.97 
b 0.474 100 0.99695 297.01 60 4.916 321.04 
c 0.950 80 0.99673 296.61 40 4.916 320.89 
d 2.02 70 0.99677 296.66 40 4.916 320.98 
e 2.36 70 0.99678 296.71 40 4.918 321.03 
f 2.70 70 0.99679 296.81 5 4.916 321.11 

32-Sa 3.04 70 0.99673 295.46 5 4.926 320.42 
b 3.38 70 0.99685 295.51 5 4.931 320.55 
c 3.72 70 0.99685 295.66 5 4.925 320.58 
e 4.40 70 0.99686 295.51 5 4.927 320.55 
f 4.06 70 0.99686 295.46 5 4.931 320.50 

33-Sa 5.08 70 0.99681 294.66 1 4.940 320.15 
b 5.42 70 0.99683 294.71 1 4.945 320.21 
c 5.76 70 0.99680 294.96 1 4.937 320.37 
d 6.10 70 0.99681 295.01 1 4.937 320.43 
e 6.44 70 0.99682 295.21 1 4.935 320.56 
f 7.12 70 0.99684 295.21 1 4.935 320.62 

34-Sa 7.46 70 0.99686 298.11 1 4.902 322.21 
b 8.14 70 0.99686 298.16 1 4.910 322.29 
c 8.48 70 0.99686 298.41 1 4.892 322.45 
f 10.19 70 0.99695 298.76 1 4.897 322.78 

36-Sc 8.49 70 0.99676 300.16 0.1 4.935 323.34 
37-Sa 10.19 70 0.99684 302.36 0.02 4.921 324.72 

b 1.37 100 0.99679 302.56 15 4.898 324.10 
c 1.00 100 0.99678 302.66 20 4.899 324.12 
d 0.76 100 0.99678 302.16 30 4.896 323.83 
e 0.51 100 0.99739 302.66 40 4.901 323.81 
f 0.25 100 0.99739 302.76 60 4.909 324.11 
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Table V. Sound Velocity in Nitrous Oxide 

Expt. 
No. 

p 

(atm) 
R. F. 
Volt 

f 

(106sec-1) 
T 

(°K) 
t 

(sec) 
2 5 

(mm) 
V 

(rn sec-1) 
30-Sa 0.472 100 0.99693 298.46 60 5.634 280.4 

b 0.944 100 0.99695 298.56 40 5.628 280.7 
c 2.36 70 0.99620 298.46 20 5.717 276.0 
d 4.40 70 0.99614 298.31 20 5.823 270.8 

31-SAa 0.283 100 0.99753 296.76 60 5.640 279.8 
b 0.474 100 0.99696 296.76 60 5.630 280.3 
c 0.950 80 0.99673 296.61 40 5.641 279.6 
d 2.02 70 0.99676 296.61 40 5.711 276.3 
e 2.36 70 0.99677 296.71 40 5.733 275.4 
f 2.70 70 0.99678 296.71 25 5.746 274.7 

32-Sa 3.04 70 0.99672 295.46 40 5.780 273.1 
b 3.38 70 0.99683 295.41 40 5.799 272.6 
c 3.72 70 0.99684 295.41 45 5.816 271.5 
e 4. 40 70 0. 99685 295.41 50 5. 860 269. S 

f 4.06 70 0.99684 295.46 45 5.836 270.8 
33-Sa 5.08 70 0.99677 294.36 35 5.907 267.7 

b 5.42 70 0.99678 294.66 35 5.917 267.6 
c 5.76 70 0.99678 294.71 35 5.931 266.7 
d 6.10 70 0.99679 295.01 40 5.943 266.2 
e 6.44 70 0.99682 295.01 40 5.951 265.8 
f 7.12 70 0.99682 295.16 40 5.973 264.9 

34-Sa 7.46 70 0.99682 297.31 45 5.970 264.6 
b 8.14 70 0.99683 298.06 45 5.995 264.0 
c 8.48 70 0.99683 298.06 45 6.020 262.0 
f 10.19 70 0.99687 298.66 40 6.079 260.0 

36-Sc 8.49 70 0.99674 300.21 5 6.039 264.2 
37-Sa 10.19 70 0.99679 302.41 0.10 6.079 262.9 

b 1.37 100 0.99678 302.26 30 5.648 281.1 
c 1.00 100 0.99675 303.06 35 5.630 282.0 
d 0.76 100 0.99677 301.76 40 5.631 281.6 
e 0.51 100 0.99739 302.56 45 5.622 282.3 
f 0.25 100 0.99739 302.76 50 5.616 283.3 
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nitrous oxide at 300° K were plotted against f/p (Figure 16). They de- 

fine most of the dispersion region between the static velocity, 

(V. 
2 _ _ 104m2sec 4 2 -2 

1300 ° 
lation and rotation only, (V. )2 = 7. 933 x 104 m 2s ec - 2. The solid 

1300 

line in Figure 16 is drawn according to the equation 

2 2 
V Vi2+(V2- Vi2) 

w 
2 I2 

1+;J 

where w = 2rrf. Using (58) it can be shown that 

2 2 - V V 

2 - V2 + 
(27rT1 

V 

)2(f/P)2 

(58) 

(59) 

where T 1" is the relaxation time at unit pressure. If the left -hand 

side of (59) is plotted vs (f /p)2 on log -log paper, the data (Table VI) 

should fall on a straight line with a 45° slope, as shown in Figure 17, 

omitting a few points whose experimental error threw them outside 

the dispersion limits. This plot is a more critical test of the data 

than is (58). The value of the ordinate at (f /p)2 = 1 yields a value of 

T1 = 0. 676 x 10 -6 atm. Then using 

Co T1 

T1 C 
c;o 

(60) 

(29, p. 62), Tl = 0. 988 x 10 -6 sec atm. This value of Tl was used 

in (50) to calculate the solid curve in Figure 15. 

) = x and the value corresponding to trans - 

, 

0 
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Table VI. Ideal Sound Velocity Squared in N20 at 300 °K as a Function of f/p 

No. 

V 

(m sec-1) 

(V° )2 
300 

(104m2sec-2) 

(V° )4 Vo )2 

300 300 0 

(106 sec 1) 
-1 -1 

(f/p)2 

(1012sec 
-2 

o 2 o 2 

( V300 ) V300) 

34SF 260.0 7.212 0.098 0.0096 
37SA 262.9 7.286 0.11 0.098 0.0096 
36SC 264. 2 7. 324 0. 18 0. 117 0, 0137 
34SC 262.0 7.258 --- 0.118 0.0139 
34SB 264.0 7.342 0.22 0.122 0.0149 
34SA 264. 6 7. 365 0, 27 0. 134 0. 0180 
33SE 265.8 7.435 0.45 0.155 0.0240 
33SD 266.2 7.444 0.47 0.163 0.0266 
33SC 266.7 7.466 0.54 0.173 0.0299 
33SB 267.6 7.504 0.68 0.184 0.0339 
33SA 267.7 7.499 0.66 0.196 0.0384 
30SD 270.8 7.547 0.86 0.226 0.0511 
325E 269.5 7.545 0.86 0.227 0.0515 
32SF 270. 8 7. 603 1, 18 O. 246 0, 0605 
32SC 271.5 7.628 1.36 0.268 0.0718 
32SB 272. 6 7, 671 1, 75 0. 295 0. 0870 
32SA 273.1 7.686 1.91 0.328 0.1076 
31SaF 274.7 7.730 2.55 0.369 0.1362 
30SC 276.0 7.746 2.85 0.422 0.1781 
31SaE 275.4 7.756 3.07 0.422 0.1781 
31SaD 276.3 7.795 4.2 0.493 0.243 
37SB 281. 1 7. 894 17 0, 728 0. 530 
37SC 282.0 7.909 29 0.997 0.994 
31SaC 279.6 7.941 -,- 1.049 1.100 
30SB 280.7 7.952 --- 1.056 1.115 
37SD 281, 6 7. 912 33 1. 31 1. 72 
37SE 282. 3 7. 921 59 1. 96 3, 84 
31SAD 280, 3 7. 959 --- 2. 10 4. 41 
30SA 280.4 7.920 54 2.11 4.46 
37SF 283.3 7.962 3.99 15.9 
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Figure 17. Ultrasonic Dispersion in Nitrous Oxide. In this 
plot the data must lie on a line of 45° slope for a 

single relaxation time. 
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Discussion. The relaxation time found here is in excellent 

agreement with that of Holmes, Parbrook, and Tempest (32), who 

found T= 0. 96 x 10 -6 sec atm at 298.16°K in "medical grade" gas, 

and that of Walker, Rossing, and Legvold (69), who found 

T= 0. 93 x 10 -6 sec atm at 296 °K in gas supplied by the Matheson 

Company, Inc. The present study represents the first complete dis- 

persion in a gas observed by the optical method. 

Since the conclusion of the results presented above, Cottrell 

(12) has recommended an experimentally (i. e. , by interferometer) 

determined value for S of 1 cm 3mole -1, for the correction of sound 

velocity in argon. This value in (32) gives the correction (53) used in 

the nitrogen study discussed above. Since his experimental condi- 

tions approximated those used here, (53) is probably a better correc- 

tion than (55) for this experiment. When applied to the results ob- 

tained here, Cottrell's expression gives sound velocities 0. 03 percent 

higher at one atmosphere and 0. 29 percent higher at 10. 19 atmos- 

pheres. These corrections would cause the nitrous oxide values to 

be higher than reported, but, more significantly, V2 values at f/p 

values near 0. 1 are raised more than V2 values at f/p values near 

1. 0. The experimental values plotted in Figure 16 then fit the calcu- 

lated curve more closely than they did previously. 
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Ammonia 

Introduction. After the successful application of the optical 

method to the measurement of the dispersion of sound in nitrous oxide, 

gaseous ammonia was studied. Ammonia was a suitable choice for 

two reasons. First, the predicted range of sound dispersion for vi-. 

brational relaxation is 1. 2 percent, based on V02, compared to ten 

percent in nitrous oxide. Ammonia would thus be a test of the limits 

of applicability of the present instrument. Second, nine investigators 

have studied sound absorption, sound velocity, and vibrational or ro- 

tational relaxation in ammonia since 1936 with differing results. 

Here then was a common and simple compound in which velocity 

studies might resolve part of the controversy, as well as effecting 

fundamental measurements. 

Experimental Procedure. The velocity measurements reported 

here were carried out using the optical method equipment described 

above, with the exception that a series of three traps was added to the 

gas inlet system (see Figure 18). 

The ammonia was taken from a cylinder of Matheson anhydrous 

ammonia purchased from the Matheson Company, Inc. with a claimed 

purity of 99. 99 percent minimum. A sample analyzed in a Model 

21 -401 mass spectrometer (Consolidated Engineering Corporation, 

Pasadena) proved to contain approximately 1. 8 percent nitrogen with 
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Figure 18. Trap System Used to Purify Ammonia. 

Table VII. Mass Spectrometer Analyses of Ammonia and Nitrogen 

m/e 
Std. NH3 

pattern* 
Sample from 

Cylinder 
Sample from 

Trap B 

Sample from 
Trap C 2 

2 

8,5 
14 

15 

16 

17 

2.2 
7.5 

80.0 
100 

-0, 3 

0.1 
0.8 

, 2.4 
74.8 

100 

0.2 
0.1 
0.8 
2.5 

77.6 
100 

0.2 
0.1 
0.8 
2.5 

77.8 
100 

0.04 

7.3 
0.01 
0.01 
0. 01 

18 0.4 , 0.5 0.5 0.5 0.01 
25 ' 0.01 0.01 0 0.01 
26 0.03 0.03 0 0, 01 
27 0. 04 0. 04 0. 04 0. 02 
28 2.8 0.2 0. 1 100 
29 0.06 0.03 0 0, 7 

32 0.06 0.03 -0, 01 0 

*( 1) ser. 90. 

- 
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no other detectable impurities. The ammonia sample was then treated 

in the following manner to insure the removal of impurities: 

A small sample of sodium metal (about one - eighth inch on a 

side) was placed in Trap C, and the system was evacuated overnight. 

On the following day, Trap A was filled with Linde Type 3A Molecular 

Sieves, and a liquid nitrogen bath was placed around Trap B. During 

the preliminary filling, Trap C was isolated from the rest of the 

system. Ammonia gas was then allowed to flow into the system at a 

rate such that about 30 minutes were required to obtain enough am- 

monia to yield about 100 lb in 
-Z pressure when it was expanded into 

the entire system. During the filling operation, the entire system 

was pumped on by the forepump through a liquid nitrogen trap. In 

flowing into the system, the ammonia passed through the molecular 

sieves in Trap A, where any water present should have been removed, 

and then into Trap B, where the ammonia was frozen out. Any gas 

which was not frozen out in Trap B should then have been removed 

through the forepump. After ammonia had collected in Trap B for 

about 30 minutes, the system was isolated, and the ammonia gas was 

heated to room temperature. A sample of this gas was then removed 

for analysis with the mass spectrometer. At this point, the gas was 

found to contain about 0. 12 percent nitrogen with no other detectable 

impurities. The gas was then frozen out into Trap C and warmed to 

-70° C with a dry ice -acetone bath. It was kept at this temperature 
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for about two hours. At this temperature a solution of sodium metal 

in liquid ammonia was present in the trap. Any water present would 

have reacted with the sodium to form hydrogen gas and solid sodium 

hydroxide. The hydrogen could then be removed by pumping the fro- 

zen sample. Although no water impurity had been detected in the gas, 

this step was carried out to insure that the sample was anhydrous. 

After about two hours, the sample was heated to room temperature 

and then frozen out into Trap C. The entire system was then pumped 

to remove any residual gas. This sequence was repeated until the 

residual gas pressure could not be brought lower than about 1 mm. 

A sample of the purified ammonia contained 0. 08 percent nitrogen 

impurity. Gas of this purity was then used to make all of the obser- 

vations reported below. 

Nitrogen was used as the standard gas. A sample of this gas 

analyzed in a mass spectrometer showed no water or oxygen. Table 

VII summarizes the mass spectrometer analyses of ammonia and 

nitrogen. 

Experimental Results. Measurements of the velocity of sound 

were made in ammonia at pressures from 0. 46 to 6. 5 atmospheres. 

In each case the real velocity of nitrogen was calculated for the ex- 

perimental conditions by correcting the ideal velocity of sound in 

nitrogen using expressions (52) and (54). The ideal velocity at a given 



temperature can then be found using the expression 

2 

1T YT T 
= 

V 
300 

300 

For the range of temperatures used in the present experiment 

YT/Y300 
1. 

61 

(61) 

The real values for nitrogen were then calculated for the experi- 

mental conditions using 

Vreal = Vi(1 + 3. 23 x 10-4p) (54) 

(12). Table VIII shows the resulting nitrogen velocities. The calcu- 

lated real velocities in nitrogen were then used to calculate the ex- 

perimental velocities in ammonia (Table IX) from measured crystal 

frequencies and diffraction image spacings using equation (47). 

The experimentally determined ammonia velocities were then 

corrected to 300 °K using (61) and assuming that YT /V300 
= 

l' 

(Strictly speaking, this correction can only be applied to ideal gas 

velocities. The total error introduced here is estimated to be about 

5 x 10 -4 percent. ) The squares of the resulting velocities were then 

plotted vs p (Figure 19). When plotted in this manner, values out- 

side the dispersive region give a straight line which can be extrapo- 

lated to zero pressure to give V,2 (40). A least squares analysis 

was then used to fit the straight line: 

V. 



Table VIII. Sound Velocity in Nitrogen 

Expt. 
No. 

R. F. 
Volts 

p 
(atm) 

f 

(106sec-1) 
T 

(°K) 
t 

(sec)* 
26 

(mm) 
V 

(m sec-1) 
73-Sa 200 6.53 0.99660 300.11 5 7.733 353. 31 

b " 5.99 0.99660 300.11 7 7.735 358. 31 
c " 5.44 0.99667 298.86 9 7.750 352.04 
d " 5.04 0.99666 298.26 13 7.750 351.54 
e " 4.49 0.99664 298.96 19 7.760 352. 30 
f " 3.95 0.99665 298.96 32 7.759 352.27 

74-Sa " 2.99 0.99660 299.66 1 7.753 352.98 
b " 2.45 0.99666 299.16 2 7.744 352. 32 
c " 2.04 0.99661 299.06 5 7.750 352. 14 

75-Sa " 6.53 0.99655 298.91 5 7.753 352.49 
b " " 0.99655 298.91 5 7.754 352.49 
c " 0.99668 299.41 5 7.746 352.07 
d " " 0. 99668 299. 36 5 7. 750 35 3. 0 3 

76-Sa " " 0.99652 301.41 5 7.789 355.43 
77-Sb 300 0. 99644 299. 91 4 7. 798 35 3. 66 

c " " 0. 996 36 301.21 4 7.783 355. 18 
d " " 0. 996 35 301.21 4 7.786 355. 18 

.x 

Plates 73, 75, 76, and 77 are Kodak type III -F plates 
Plate 74 is Kodak type II -G plate. 

" 

" 



Table IX. Sound Velocity in Ammonia 

Expt. 
No. 

R. F. 
Volt 

p 
(atm) 

f 

(106sec-1) 
T 

(°K) 
t 

(sec) 
2 S 

(mm) 

V 

(m sec-1) 
73-Sa 200 6. 5 3 0. 99660 300. 06 2 6. 54 3 417. 56 

b 5.99 0.99661 299.56 3 6.525 418.89 
c 5.44 0.99662 299.56 4 6.500 419.73 
d " 5.04 0.99658 299.16 5 6. 48 2 420.27 
e " 4.49 0.99660 299. 16 7 6.464 422.91 
f 3.95 0.99661 299.21 11 6.460 423.09 

74-Sa " 2.99 0.99662 299. 36 1 8. 381 428.88 
b 2.45 0. 9966 2 299.46 3 6. 368 428.43 
c " 2.04 0.99661 299.41 6 6. 341 430. 38 

75-Sa " 4.49 0.99661 298.81 7 6.460 423.06 
b " 3.54 0.99649 299.01 16 6.422 425.57 
c " 2.45 0.99658 298.86 35 6. 369 429. 35 
d " 1.50 0.99664 299. 16 100 6. 346 4 31. 11 

76-Sa 2.04 0.99653 301.21 50 6. 39 2 433. 11 
77-Sb 300 0.809 0. 996 28 300.06 450 6. 351 434.16 

c " 0.634 0. 996 30 300.86 900 6. 329 4 36. 75 
d 0. 46 3 0. 996 28 301.56 1100 6. 323 437. 33 

Plates 73, 75, and 76 are Kodak type III-F plates 
Plate 74 is Kodak type II -G plate. 

* 

" 

" 

" 

" 

" 

" 
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V2 = V?(1 + sp). exp i 

65 

(62) 

An accurate knowledge of the second virial coefficient and its deriva- 

tives is not required to determine s by this means. In the disper- 

sive region this plot is not linear, or, if apparently linear, it gives 

impossible values for V ?. The values obtained are V. = 19. 122 

+ 0. 034 x 104m2sec -2 and s = (- 1 3. 9 + 0. 05) x 10 -3 atm -1. This 

value of V can be compared to that calculated from the vibrational 

frequencies of ammonia given by Herzberg (28, p. 295) (in cm-1): 

1: 3335. 9 

3337. 5 

2: 9 31. 58 
968. 08 

3: 3414 

v4: 16 27. 5, 

from which the fundamental frequencies 3336. 7 (1), 949. 8 3 (1), 3414 

(2), and 1627. 5 (2) cm -1 are obtained, the figures in parentheses in- 

dicating the degree of degeneracy. This value is 19. 123 x 104m2sec2. 

It can also be compared to V? = 19. 109 x 104 m2 sec- 2 calculated 

from C 
P 

o = 8. 510 cal/mole°K as determined by Davies (18). Davies 

included the correction for the double minimum in the potential func- 

tion for the v vibration of ammonia reported by Manning (47) and 

also that for the centrifugal distortion of the molecules due to rotation 

i 

t 
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reported by Wilson (70). Both values lie within the experimental er- 

ror of the values reported here. The non -ideality correction for 

ammonia can thus be written: 

2 V exp 
= - 1 3. 9 x 10-3p). (6 3) 

This correction was then applied to the experimental values. The 

corrected values are summarized in Table X. Figure 20 is a plot of 

the values obtained for V2 xp e 
and V vs f /p. No dispersion is observed 

i 

for ammonia over the experimental range. 

Discussion. Of the nine investigators mentioned earlier, seven 

used the interferometer in their studies. The first exception, Keller 

(34), used the optical method, employing the arrangement of Petersen 

(54) to measure the absorption coefficient in ammonia. Working be- 

tween 291° and 295 °K and f/p 0. 60 to 2. 5 Mc sec- 1atm -1 at a fre- 

quency of 4. 275 Mc /sec, he found a%a = 1. 67. Though he did class 
not report a relaxation time, one can be calculated from his data. 

Using the expression 

a/ acl 
R Ci ß 

1.624G pCTc (64) 

after Petralia (55), assuming vibrational relaxation and the following 

values for the specific heats calculated from the spectroscopic data 

given above: 

V? (1 
i 

p m c 



Table X. Ideal Sound Velocity in NH3 at 300°K as a Function of f/p 
Expt. 
No. 

V2obs4 T2 
(10 m sec ) 

V29bs2 300°2 
(10- m sec- ) 

p 
(atm) 1-1. 39x 10-2p 4 2 2 (10- m sec ) 

6f/pl 
( 10m sec 

73-S A 
B 
C 
D 
E 
F 

17. 4356 
17. 5469 
17.6173 
17.6629 
17.8853 
17.9005 

17. 4321 
17. 57 32 
17.6543 
17.7124 
17.9354 
17.9470 

6. 53 
5. 99 
5.44 
5.04 
4.49 
3.95 

0. 90923 
0. 91674 
0.92438 
0.92994 
0.93759 
0.94510 

19. 1724 
19. 1692 
19. 0871 
19. 0468 
19. 1292 
18. 9895 

0. 153 
0. 166 
0. 183 
0. 198 
0. 222 
0. 252 

74-S A 18. 3938 18. 4314 2. 99 0. 95844 19. 2317 0. 333 
B 18. 3552 18. 388 2 2. 45 0. 96594 19. 0 366 0. 407 
C 18.5227 18.5597 2.04 0.97164 19. 1014 0. 488 

75-S A 17. 8980 17. 9696 4. 49 0. 93759 19. 1657 0. 222 
B 18. 1110 18. 1708 3. 54 0.95079 19. 1113 0. 28 2 
C 18.4341 18.5041 2.45 0.96594 19. 1566 0. 407 
D 18. 58 56 18.6376 1.50 0.97915 19. 0345 0. 664 

76-S A 18. 7584 18. 68 30 2. 04 0. 97164 19. 228 3 0. 488 
77-S B 18. 8495 18. 8457 0.809 0. 98876 19. 0599 1. 23 

C 19.0750 19.0204 0.643 0.99106 19. 1920 1. 57 
D 19. 1258 19. 0 269 0. 46 3 0. 99 356 19. 1502 2. 15 
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Coo 

and = C T= 0. 9169 T and Tc , the time between collisions calcu- 
0 

lated by Chapman and Cowling (11, p. 229) to be 3. 3 x 10 -11 sec, 

Coo = 3R 

Co = 3. 37 3R 

C = 4. 272R 
p 

C. = 0. 272R, i 

Equation (64) becomes 

a/acl = 3. 6 31 x 108. 

69 

(65) 

This yields T= 0. 2 x 10 -8 sec. 

The ,other non- interferometer work is that of Griffith (26) who 

used the steady flow method (called the "impact tube" by Cottrell and 

McCoubrey (1 3, p. 59) or the "jet method" by Herzfeld and Litovitz 

(29, p. 225).) Griffith reports T= 0. 1 2 x 10 -6sec at 289. 4°K for a 

99. 5 percent sample containing 0. 005 percent water, which he claims 

is no better than an order of magnitude. Since he does not give the 

details of how he arrived at T, no further attempt was made to analyze 

his results. 

Steil (64) was the first investigator to use the interferometer to 

study the velocity of sound in ammonia. His experiment was made at 

29 3°K using f = 333. 34 kc sec -1 over f/p 0. 27 to 0. 72 Mc sec - 1atm 1, 

and f = 991. 75 kc sec -1 at f/p 0. 81 to 1. 05 Mc sec- 1atm -1. Applying 

no corrections for gas imperfection, he reported T= 0. 4 x 10 -6 sec. 

3 

o 
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When his results are corrected, however, they show no dispersion. 

Buschmann and Schäfer (9) are the only investigators who have 

reported a double dispersion in ammonia. They worked at 315. 5 °K 

and 373. 3 °K and used frequencies of 200, 593, and 600 kc sec -l. At 

315. 5 °K, working at f/p 0. 07 to 1. 0 Mc sec- latm -1, they reported 

T1 = 1. 8 x 10 -7sec and T2 = 14. 5 x 10 -7sec, and at 373. 3 °K, working 

at f/p 0. 20 to 1. 0 Mc sec- latm -1, they found T 
1 

= 0. 8 x 10 -7sec and 

T2 = 0. 3 x 10 -7sec. They used an ideality correction based on an 

equation of state for ammonia taken from Cragoe (16), which is found 

to be inconsistent when results at the same values of f/p but different 

pressures are compared. When the results of the present experi- 

ment are applied to their data, no dispersion is found. 

Although they made no attempt to define a dispersion curve, van 

Itterbeek and Lauwers (67) made sound velocity measurements in am- 

monia. They attributed the difference between their low- temperature 

measurement of y = 0 and the static value at room temperature to 

sound dispersion. Using a crystal frequency of 514. 5 kc sec -1, they 

worked at f/p from 0. 53 to 2. 0 Mc sec- latm -1. Although they made 

measurements at temperatures up to 301. 5°K, they used only those 

made at 254. 1° and 242. 1°K for detailed calculation s. They plotted 

their velocity data vs pressure and extrapolated to zero pressure to 

find V.. They then used the expression 



V -1 +Sp 
Vid RT 
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(32) 

to correct their data. 

S is related to s by the relation 

S /RT = s/2 (66) 

when the correction is small. The S determined from the present 

experiment is - 168. 6 cm 3mole -1. Van Itterbeek and Lauwers found 

S: - 228 cm 3mole-1 at 254. 1°K and - 264 cm 3mole-1 at 242. 1°K. 

When these corrections are applied, they do not give the same value 

of V when corrected to 300° K and are thus inconsistent. Another 

way to test their S values is to construct a plot of S vs T. This was 

done by determining values for B, B', and B" graphically from the 

virial coefficient data of Lambert and Strong (42) and calculating S 

from (33). Figure 21 illustrates the results of this calculation as 

well as S values used by some of the workers mentioned in this dis- 

cussion. Even though S values for temperatures below 273°K are 

probably no better than + 30 percent due to the errors inherent in the 

graphical calculation, those of van Itterbeek and Lauwers are much 

too low. It is speculated that impurities in their gas sample caused 

their velocity measurements to be too high. 

Ozdogán (53) worked at f/p 0. 12 to 6. 4 and used frequencies 

from 120.8 to 870.4 kc sec -1 at 290. 16° K. By means of van der 

i 
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Waals's equation he calculated S = - 94. 66 cm 3mole -1. This value 

gives inconsistent results when applied to his data at the same value 

of f/p but at different pressures. He calculated V 
0 

2 = 18.40x 104m2 

sec -2 using Y 0 
= 1. 299, and by assuming that rotational relaxation 

was taking place and apparently ignoring vibration entirely, he calcu- 

lated V, = 18. 57 x 104m 2sec- 2. Using his S value in equation (32) 

to correct his experimental results, he obtained a good fit to his cal- 

culated limiting velocities, thus giving an apparent dispersion. From 

this he determined T= 1. 9 x 10 -7 sec. His calculations, however, 

are subject to criticism. His value of Y 0 
is wrong; thus his value for 

Vol is also wrong. His value for 2 is also incorrect and is too 

small in relation to his Vol for dispersion due to rotational energy 

levels. When the correction recommended here is applied to his re- 

sults, they show no dispersion. 

Petralia (55) made both absorption and velocity measurements 

in ammonia at higher f/p values than any others reported for ammo- 

nia. His measurements were made at a frequency of 2. 993 Mc sec 

and at 293. 16°K. They covered f/p 4. 3 to 81. 2 Mc sec - latm -1 in 

his absorption experiment. He averaged his a /acl values, excluding 

three measurements above f/p = 45. 5 Mc sec- 1atm -1, and reported 

-1 

°lacl = 
1. 81 ± O. 16. If all of his measurements are averaged, 

a /acl = 1. 76 ± O. 19. Equation (64) was then used to arrive at T. 

Petralia, however, assumed that he was measuring an absorption 

o 

0 
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due to rotational relaxation. The values for the specific heats which 

he used: Co = 6/2R, C = 4R, C. = 3/2R, and Cam= 3/2R, clearly 
i 

indicate that he ignored the vibrational component of the specific heat. 

He apparently believed that its effect was negligible. Using his 

values, he obtained 

a/ acl = 1 + 0. 076 ,-Tr 

c 
(67) 

From this relationship he calculated T= 8. 1 x 10 sec -10 or T= 3. 5 

x 10 -10sec for rotational relaxation. The first value was derived 

from Steil's value of T 
c 

= 7. 69 x 10 -11sec (64), the second from the 

value of Chapman and Cowling: T 
c 

= 3. 3 x 10 -1 1 sec (11, p. 22). 

When Equation (65), 

a/acl = 3. 631 x 108, (65) 

which assumes vibrational relaxation, is used, T is found to be 0. 5 

x 10 -8sec using the T 
c 

of Steil, or 0. 2 x 10 -8 using the T 
c 

of Chap- 

man and Cowling. The 0. 2 x 10 
-8 figure agrees with that calculated 

from Keller's data. 

Using T= 8. 1 x 10 
-10 sec, Petralia calculated that the inflection 

point in the sound velocity dispersion curve should come at 393 Mc 

sec- 1atm -1. He then measured sound velocities in the f/p range of 

4. 3 to 73. 4 Mc sec- latm -1 and concluded that they agreed with his 

calculations. No correction for non -ideality of the gas was applied. 

. 
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When his velocity values are corrected, the resulting values do in- 

deed show the lower part of a dispersion curve. 

Figure 22 is a plot of V12 vs f/p for corrected velocity values 

of $zdogán, Petralia, and the author. The dispersion in Petralia's 

data fits the predicted velocity limits for vibrational relaxation in 

ammonia quite well. Although the upper limit has not been fixed ex- 

perimentally, the assumption that the observed dispersion is due to 

rotational relaxation is unwarranted, since vibrational relaxation has 

been found always to take place at lower frequencies than rotational 

relaxation. From Figure 22 it is estimated that T'= 0. 6 x 10 -8sec. 

This agrees well with Petralia's absorption data within the apparent 

experimental error. 

In the two remaining reports, Lambert and Salter (41) and 

Cottrell and Matheson (15) arrive at the same results. Neither pair 

of investigators found dispersion in ammonia. Lambert and Salter 

worked at f/p 0. 2 to 1 3 Mc sec- latm -1 at 298° K, and Cottrell and 

Matheson worked at f/p about 0. 6 to 7 Mc sec- latm -1 at 30 3° K. 

Lambert and Salter used the second virial coefficient data of Lambert 

and Strong to correct their experimental results. They presumably 

used an S = - 140 + 20 cm3mole l as reported by Cottrell (1 2). 

Cottrell (12) allows, however, that S could be as great as - 180 

cm3mole -1. Lambert and Salter estimated that T < 0. 15 x 10 -8sec. 

Table XI is a summary of the velocity of sound measurements 
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Table XI. Summary of Sound Velocity Experiments in Ammonia 
Observer* S B & S vI & L Ö P L & S C & M St 

Year 1936 1941 1946 1950 1953 1959 1963 1965 

Method Int Int Int Int Int Int Int Opt 

f/p range 0.27 0.07 0.53 0. 12 4.29 0.2 0.6 0. 15 
(106 sec- latm -1) 1.05 1.04 1.96 6.39 81.2 13 7 2.15 

Temp ( °K) 293 314 254 290 293 298 303 300 
373 242 

Velocity Correction None see - 228 - 94.66 None - 140 - 140 - 168.6 
S(cm3mole -1) text - 264 

Dispersion Reported Yes Yes Yes Yes Yes No No No 
(double) 

T (sec) 0.4x10 1.8x107 None 1.9x10 -7 8.1x1Ó 10 

(vib) 14.5 x 10 -7 (rot) 3.5 x 10 -10 
0.8 x 107 (rot) 
0.3 x 10-7 

(vib) 

** 
S = Steil (64) 

B & S= Buschmann & Scháfer (9) 
vI & L = van Itterbeek & Lauwers (67) 

O= Ozdogán (53) 
P = Petralia (55 ) 

L & S = Lambert and Salter (41) 
C & M = Cottrell and Matheson (15) 

St = Strauch (this work) 

Int = interferometer 
Opt= Optical method 

* 

-- 
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mentioned in this paper. From the discussion above, the work of 

Keller, Petralia, and Lambert and Salter indicate that the vibrational 

relaxation time for ammonia is about 0. 6 to 0. 2 x 10 -8sec. Griffith's 

value of 1. 2 x 10 -7sec is probably incorrect. If one uses the higher 

value, the ratio TND3NH3 2. 2,using Cottrell and Matheson's (15) 

value for ND3 of 1. 3 x 10 -8sec. This value is fairly close to the 

value of about 1. 7 reported by Cottrell and Matheson (14) for CH4, 

SiH4, and PH3, and the corresponding deuterated compounds. Am- 

monia, however, still appears to be a special case. 

In conclusion, the present work proposes an ideality correction 

for ammonia which is greater than that applied by other workers. It 

is in agreement with the best virial coefficient data available. When 

this correction factor is applied to the experimental values for sound 

velocity reported in earlier work, excepting those of Petralia, the 

reported dispersions disappear. In the case of Petralia's data, a real 

dispersion appears to exist; an estimate of the vibrational relaxation 

time in ammonia of 0. 6 x 10 -8sec is in fair agreement with absorption 

experiments carried out both by Keller and by Petralia, and with the 

estimate made by Lambert and Salter. 
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APPENDIX 

IMAGE LINE WIDTH AND ULTRASONIC ABSORPTION 

Although this study was concerned with the measurement of 

sound velocities, the measurement of ultrasonic absorption coeffi- 

cients can also be used to determine thermal relaxation times. When 

viscosity and heat transfer effects are the only sources of absorption 

and the sound velocity has its ideal value, the classical coefficient of 

absorption 

27r2 4 Y- 1 K 2 acl= V(3 r1 

Y 
C) 

p v 
(1A) 

(Stokes (65) and Kirchhoff (35)), where Tl is the coefficient of viscosity 

and K is the coefficient of thermal conductivity. The quantity a/f 

will be a simple function of f 2 p f f/p, since apf is independent of fre- 

quency when only classical absorption occurs. When thermal relaxa- 

tion occurs, however, the absorption may be expressed as 

2Tr T RC. i 
µ = 

(R+C o )C o +w 2T2(R+Coo)Coo 
(2A) 

(38), where p. = 2aA in the absorption per wavelength. The frequency 

dependence of the absorption coefficient per wavelength gives a bell - 

shaped curve which has a makimum at 

m 



V Vo = 
max n( 

Vo ) 
0 

The relaxation time can be determined from the frequency of the 

maximum using 

V C 
o o 

w max TV C 
oo 
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(3A) 

(4A) 

The line width of the first -order diffraction image depends on 

four factors: the finite slit width, aperture diffraction from the cell 

opening, the finite length of the ultrasonic wavetrain in the cell with 

no absorption, and ultrasonic absorption. The line width due to the 

slit width is simply the slit width times the magnification of the opti- 

cal system. In the present optical system the measured slit width is 

0. 06 mm, and the magnification is 2. 32, which gives an image width 

of 0. 139 mm. The first maximum of the aperture diffraction (as- 

suming F raunhofer diffraction) occurs at 

Tra sine - 1.43 Tr (5A) 

(5, p. 393), where a is the cell aperture, X the wavelength of light, 

and 0 the angle of the diffracted light. The cell aperture is about 

44 mm, and X is 5. 46 x 10 -4mm. Thus 

sine = F = - á 1.43, 
Tra 

(6A) 

Vco 

. 

P 
_ 

x 

F; 



where w is the line width. Using F = 1. 5 x 103mm, 

w= 2.86-a F=0.53mm. 
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(7A) 

In the case where there is no absorption, a wave of the form 

cos 2nx for 0 < x < 1 can be fitted with sin(k 
0 

- k)l /k 
o 

- k, where A 
k 

0 
= 2Tr /A and 1 is the length of the wavetrain. On the plate 

or 

from which 

1 ,,s in 6 r1 1,s = X. 

6 
F MFX ko 

A21T 

6'=0.28k 
0 
mm2 

(8A) 

(9A) 

The half -heighth of sink -k)1 /k -k is at about (k -k)1 = 0. 6 or at 
o 0 o 

ok = 0. 6/1. Then 

Li 6 = 0. 28 mm2 x 016 -0. 006 mm, 

where 1 is about 30 mm. From these considerations, a line width 

of about O. 20 mm should result from non -absorption effects. 

Absorption in the gas probably follows a function like 

e 
-a 

xcos - x; then A 6 is of the order of O. 28 a, or 

O. 28a > 0. 14 mm, 

a 

0 
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and a must be greater than 0. 05 cm -1. Typical values of acl are 

about 0. 05 cm -1 from heat conduction and 0. 10 cm -1 from viscosity 

(48). Thus, measurements of the line widths of the first -order dif- 

fraction images should yield information which can be used to deter- 

mine the absorption maximum. 

Plates from the nitrous oxide study were examined to determine 

if any trend in line width could be determined. Since these plates 

were originally made only for velocity measurements, the results 

given here must be considered as strictly tentative. The optical sys- 

tem used in the nitrous oxide study was different from that assumed in 

the above discussion. The non -absorption line widths should be of 

the order of 0. 06 mm for the nitrous oxide apparatus. 

The image densities for first -order diffraction images from 

nitrous oxide were determined from microdensitometer traces of 

four different plates. The heights at which the line widths were meas- 

ured were determined from the characteristic curve for III -F plates 

(20, p. 8d). Since this curve is not linear, the value 0. 303 (log 2) 

was subtracted from the log exposure value corresponding to the meas- 

ured density, and the resulting value for log exposure was used to 

determine the density at which the line width was measured. When 

the resulting width heights are plotted vs f/p (Figure 23), a constant 

trend toward broader widths is found near where the maximum in the 

absorption is predicted to occur (dotted line in Figure 23). Three 
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argon points are also shown. This result clearly indicates that an 

experiment designed to obtain line images of consistent quality may 

be able to determine the maximum of the absorption curve. 


