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STUDIES OF ULTRASONIC DISPERSION 
IN GASES BY THE DIFFRACTION OF LIGHT 

INTRODUCTION 

Investigations dealing with the structure of 

relatively simple molecules have now become sufficiently 

fruitful as to make accessible an opportunity to examine 

the nature of energy exchange among the various modes of 

molecular motion. Such examinations should contribute 

to the understanding of the ordinary transformation of 

matter and to the dynamical behavior of molecules. 

For molecules in which the electronic contribution 

may be deferred, these molecular motions are translation- 

al, vibrational and rotational in character. Presently, 

it seems difficult to conceive that exchange of energy 

among these motions could occur except through collisions 

of the molecules. Thus, the study of vibrational relax- 

ation times, where special emphasis is focused on the 

energy exchange, has the goal of elucidating the nature 

of the collision mechanism by which energy is trans- 

ferred and distributed within the various molecular de- 

grees of freedom. 

Studies of dispersion and absorption of sound 

waves in gases has been but one means by which such 

phenomena have been investigated. Up to now this has 
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been the most active method. The activity of this method 

may be due to the fact that the experimental requirements 

are less complex than those of other methods, but it re- 

mains true that with this method only the lowest energy 

levels of the quantized vibrational and rotational energy 

are involved in the energy transfer. This condition re- 

strains the problem to a minimum in complexity. 

Propagation of sound through a fluid medium was 

first treated by Newton (8, p. 378) and later refined by 

Laplace (38, p. 297). Laplace related the velocity of 

sound in a gas to the ratio of its heat capacities by 

considering the propagation as an adiabatic process. 

Experimental results from studies in air supported 

Laplace's concept. This concept was built on the idea 

that when a gas is suddenly compressed, the pressure 

increases since the density increases and the work done 

on the gas increases its temperature. Even for sound of 

low frequencies, the accompanying alterations due to the 

pressure wave are sufficiently rapid that the flow of 

heat from one element to another is compensated by the 

immediate rarefaction. The gas element then behaves as 

though the element had neither gained nor lost heat. To 

this extent the process is adiabatic. However, Newton's 

formulation is appropriate when the changes are so slow 

that the temperature remains constant because the added 
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heat is lost through radiation and heat conduction. 

The total energy possessed by a molecule is con- 

sidered to be a sum of energies associated with each 

type of molecular motion. This is just the interpreta- 

tion of the principle of equipartition of energy (50, 

p. 86). Likewise, the total heat capacity of a molecule 

is a sum of the individual heat capacities. Moreover, 

the magnitude of thermal energy transferred to each type 

of motion depends upon its individual heat capacity. 

The velocity of sound may then be examined in terms of 

the variance in these individual heat capacities. 

Herzfeld and Rice (22) were the first to develop 

a tangible explanation for the dispersion of sound vel- 

ocity in gases based upon an energy transfer during the 

collision process. They pointed out that if the 

statistical equilibrium of a gas is suddenly disturbed, 

as occurs in the transmission of sound, a finite lag 

occurs for reestablishment of thermal equilibrium be- 

tween the external and internal energies of the gas 

molecules. The classification of external and internal 

degrees of freedom associated with these energies is a 

relative one depending on which of the three types of 

molecular motion(s) is responsible for the lag. Such 

motion(s) causing the lag is considered as an internal 

degree(s) of freedom with the other(s), which attains 

. 5 
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equilibrium rapidly, is considered as an external de- 

gree(s) of freedom. 

According to their interpretation, as the rate of 

compressions and rarefactions in a gas is increased, that 

is, as the frequency of the sound wave is increased, the 

establishment of equilibrium becomes increasingly more 

difficult because of the finite time involved in the 

transfer of energy from the translational to the internal 

degrees of freedom. The result is that the internal 

energy is prevented from reaching its full equilibrium 

value. The gas then displays an effective heat capacity 

which is smaller than its static value. In the region 

of very high sound frequencies, the effective heat cap- 

acity of the gas takes on values between the static heat 

capacity and that due to the translational energy alone. 

The velocity of the sound propagation is related to the 

heat capacities in such a manner that it increases with 

decreasing effective heat capacity of the gas. 

Such phenomena were mathematically formulated by 

Herzfeld and Rice into a relaxation equation containing 

the important parameter 'r, called the relaxation time. 

This time is that required for the energy departure from 

thermal equilibrium to decay to 1/e of its initial value. 

In order to specialize the study to vibrational 

relaxation times it is only necessary to state that the 

. 
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rotational energy reaches its equilibrium value much 

sooner than the vibrational energy by a factor of about 

one hundred. The translational energy reaches its 

equilibrium value even faster. Hence, it is the equil- 

ibrium energy value of the vibrational motion which first 

lags the equilibrium adjustment process and in many 

situations is well enough separated from the rotational 

counterpart that it is possible to consider only the 

phenomena associated with the vibrational motion. 

Most experimental results obtained thus far of 

dispersion and absorption of ultrasound have been ob- 

tained through use of the interferometer. The inter- 

ferometer used in this method was first proposed by 

Pierce (44, p. 271 -302) and later improved by Hubbard 

(26, p. 523 in 1931. 

In its simplest form the instrument consists 

essentially of a movable reflector parallel and coaxial 

to an x -cut quartz crystal which by virtue of the 

piezoelectric effect may be made to emit nearly planar 

ultrasonic waves upon activation by a transmitter. The 

distance between reflector and transducer may be varied 

at will and is determined and controlled with a microm- 

eter whose shaft is adhered to the reflector. Whenever 

the reflector is positioned at a distance from the quartz 

equal to an integral number of half -wavelengths of the 
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ultrasound, a standing wave pattern is formed in the 

space between them. At positions of resonance, when the 

distance between the transducer and the reflector is an 

integral number of half -wavelengths, the damping on the 

transducer is a maximum. Such a condition is accompanied 

with an observed maximum in the anode current of the 

transmitter. As the distance between the transducer and 

the reflector is increased, a series of decreasing maxima 

corresponding to the increasing value of the integral 

half -wavelengths is observed. The ultrasonic absorption 

is found from the rate of decrease of the envelope of 

the maxima in an anode current versus reflector- trans- 

ducer distance plot. The ultrasonic wavelength is deter- 

mined from the interval between maxima and when this in- 

terval is multiplied by the frequency of ultrasound 

yields its velocity. 

As an example of results obtained from the inter - 

ferometric method, it is sufficient to note that Klose 

(32) has reported the velocity of n- hexane to an accuracy 

of one part in a thousand. He used ultrasonic frequen- 

cies of approximately 700 and 1000 kilocycles per second 

and obtained as many as eighteen peaks in an anode cur- 

rent versus reflector- transducer distance plot. 

In contrast to the well established interfero- 

metric method is an optical method. In this effect the 

. 
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nearly planar ultrasonic waves are used as a pseudo - 

grating in as much that the ultrasonic field will dif- 

fract a parallel beam of light upon passing through the 

field. An inspection of the resulting image shows dif- 

fracted lines on each side of the zero order. Actually 

the modulation of the light is achieved by virtue of the 

fact that a sinusodial variation in the index of re- 

fraction is produced by the resulting compressions and 

rarefactions accompanying the ultrasonic waves. It is 

possible to associate with the effect a pseudo -grating 

constant A which is nothing more than the sound wave- 

length. Application of the grating formula to the ob- 

served diffraction yields the ultrasound wavelength which 

when multiplied by the frequency yields the ultrasonic 

velocity. The intensity of the image in this effect for 

gases is not as spectacular as the diffraction by a gra- 

ting since the change in the index of refraction is 

rather small to even approximate the construction of the 

gratin. However,it has been used in conjunction with 

liquids with considerable success (2, p. 280 -302). 

The first optical investigations of ultrasonic 

fields in gases were taken by Tawil (57) and by Pohl- 

mann (45). These workers were not making use of the 

sound field as a pseudo -grating but rather made 

successful attempts to obtain patterns of a standing 

i 
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ultrasonic field. The results of Pohlmann led him to 

comment that on account of the small change in the index 

of refraction the diffraction by ultrasound could not be 

observed in gases. Bar(1) in 1936 extended the study 

of Tawil and Pohlmann using an ultrasonic frequency of 

935 kilocycles per second. Although Bar indicates that 

he observed a diffraction effect with air to the extent 

of seeing the first order clearly and a very weak second 

order diffraction, he does not present any photographs 

of the phenomenon. 

The first acceptable theory regarding the in- 

tnesity distribution of the various orders as observed 

in liquids was given by Raman and Nath (46, 47, 48, 49). 

Later David (9) presented a similar theory to account 

for the intensity distribution of the first and second 

orders associated with the diffraction of light by ultra- 

sound in gases. Up to this time only these orders had 

been observed in gases by Bar and by Korff (33, p. 708- 

720). 

Korff undertook the task of verifying the accep- 

tability of David's theory for the intensity distribution 

in the first orders and is the first work to examine in 

detail the diffraction of light by ultrasonic waves in 

gases. Korff worked with an ultrasonic frequency of 

4.28 megacycles per second in air presumably at 
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atmospheric pressure. 

Petersen (42) pursued the problem of obtaining 

values of absorption of sound by studying the diffraction 

of light by ultrasonic waves in gases. He discussed a 

refinement of the method used by Korff and suggested that 

the technique reaches a limit in accuracy at pressures 

below one atmosphere. The refinement consists essen- 

tially in integrating the intensity of the first order. 

This total intensity is then to be correlated with the 

distance of the incoming light beam from the sound 

emitting surface. 

David has given a theoretical account of the 

method proposed by Petersen and Keller (31) has applied 

the technique to obtain absorption coefficients for 

argon, nitrogen, ammonia, carbon dioxide and a mixture 

of carbon dioxide with 8% hydrogen. The deviation of 

the measured absorption from theory as shown by nitrogen 

and ammonia was explained by Keller as due to the 

rotational energy relaxation effect. The analogous 

deviation shown by carbon dioxide and its hydrogen mix- 

ture was also discussed by Keller in terms of relaxation 

effects for which account was made to obtain better 

agreement to the classical theory of absorption. 

What appears to be the most outstanding account 

from the standpoint of the number of diffracted orders 
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occurring in gases has been given by Gollmick (17, p. 1- 

44). In his work the main objectives are to determine 

the optimum conditions under which an ultrasonic field 

of sufficient intensity may be produced to yield several 

orders of diffraction and to compare the measured inten- 

sities to those predicted by the theory of Haman and 

Nath. Although Gollmick was aware of the use of the 

method to determine ultrasonic velocities in gases, this 

was not his primary concern. With his most favorable 

arrangement, Gollmick was able to photograph as many as 

fifteen diffracted orders on each side of the zero order, 

again presumably at one atmosphere pressure. To achieve 

this result, Gollmick used a rectangular x -cut quartz 

crystal having a fundamental frequency, of 593.8 kilo- 

cycles per second. He placed a reflector above the 

quartz crystal in order to set up a standing sound field 

and thus increasing the intensity of the ultrasonic 

field. Gollmick found that it was necessary to consider 

in great detail the manner of mounting the quartz crys- 

tal such that it will have the minimum damping contri- 

bution by the holder. He found that the best mounting 

arrangement was a freely suspended crystal. The rec- 

tangular crystal was grooved about its perimeter such 

that four points supported the crystal in its median 

plane. The points were the tapered ends of four thin 
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Meerschaum rods. These rods were placed in hollowed out 

sections of four screws. The screws were secured in a 

Pertinax ring and permitted the adjustment of the pres- 

sure of the points against the crystal. 

With this basic arrangement Gollmick made inten- 

sity distribution measurements and compared the results 

with the theory of Raman and Nath. He concluded that 

the theory was not adequate to explain the results. 

However, Hayess and Winde (19, p. 195 -209) have pointed 

out that Gollmick was working in a region not covered 
nl IL 2 

by the theory, which requires that 
no n « 1. In 

this relation no is the index of refraction, nl is the 

amplitude of the change in the index of refraction due 

to the pressure wave, d is the length of path of the 

light through the ultrasound field and A is the sound 

wavelength. 

Bömmel's (3, p. 3-20) work of 1945 was the first 

to examine the value of the diffraction of light by 

ultrasonic waves in gases for the determination of the 

velocity and absorption of ultrasound for observing 

relaxation effects. Because of the objection that the 

ultrasonic field is not ideally planar, Bömmel made 

relative measurements to detect relaxation effects. In 

his experiment, the crystal having a fundamental fre- 

quency of 951 kilocycles was simultaneously activated 
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in its fundamental and third overtone or in its funda- 

mental and fifth overtone. Thus if no dispersion was 

present in the -as under study, the distance ratio be- 

tween the two first orders corresponding to the crystal's 

fundamental and overtone frequencies should be in the 

same ratio as the frequencies. Bömmel made velocity 

measurements in argon, carbon dioxide, oxygen, nitrogen, 

and air each at a pressure of 720 mm and then only by 

making use of the first order diffraction. From his 

results, of which no photographs are presented, Bömmel 

concluded that in the gases studied no dispersion effects 

were observable over the frequency range of about one to 

five megacycles. Velocity values are reported to an 

accuracy of 0.3. 

However, Bömmel noted that the observed velocity 

value for carbon dioxide was 3.8J higher than that re- 

ported at audio frequencies. In order to determine the 

velocity at the inflection point of the dispersion curve 

for pure carbon dioxide, Bömmel used a 10% hydrogen - 

carbon dioxide mixture. This was done to place the vel- 

ocity at the inflection point within his experimental 

reach. In doing so, Bömmel found the ratio of first 

order diffraction interval to be 2.9445 + 0.0067 while 

the frequency ratio was 3.0095. This was interpreted 

as convincing evidence for detection of dispersion. 
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Of the literature cited thus far, with the ex- 

ception of the works by Petersen and Keller, the works 

that have attributed more to the feasibility of using 

the diffraction of light by ultrasonic waves for deter- 

mining ultrasonic velocities in gases have been performed 

with pressures in the neighborhood of one atmosphere. 

It is to be noted that the diffraction effect should be 

more pronounced with gases at higher pressures. The 

reason being that as the density of the gas is increased 

by the higher pressure, the change in index of refraction 

is greater and the ultrasonic absorption is due to 

viscosity and thermal conduction effects is less. Also 

the transfer of ultrasonic energy by the quartz crystal 

to the gas is more efficient since the acoustic impedance 

match is better. With respect to observation of the 

diffraction of light by ultrasonic waves in gases under 

pressure, Lacam and Noury (34; 35; 36; 37, p. 217-259) 

have worked with several gases at pressures ranging from 

10 to 1150 atmospheres using a crystal fundamental fre- 

quency of 900 kilocycles per second. In addition, what 

seems to be the latest work on the examination of the 

applicability of the diffraction of light by ultrasonic 

waves in gases for the determination of ultrasonic ab- 

sorption and velocity dispersion is that of Hayess and 

Winde. They have attempted an absolute measurement in 

' 
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nitrogen at pressures from 10 to 85 atmospheres and used 

frequencies of 0.804, 2.01 and 9.86 megacycles per 

second. They seem to have incorporated all the features 

which can yield the optimum experimental conditions for 

observation of the diffraction effect. Besides using 

higher pressures, they used a quartz mount similar to 

the one used by Gollmick, a reflector for increasing the 

ultrasound intensity and a higher pressure mercury lamp. 

With the reflector in place and using a pressure of 80 

atmospheres, they observed up to 26 orders on one side 

of the zero order. This was accomplished with the 2.01 

megacycle crystal. They reported an accuracy in velocity 

measurements of 0.3% and suggest means by which the 

error may be reduced to 0.05;ó. 

In regard to the intensity distribution for nitro- 

gen at higher pressures, Hayess and Winde found suitable 

agreement with the theory of Raman and Nath. The ob- 

served absorption has been discussed by Hayess (18) in 

which he found that the theory available to him could 

not adequately explain the observed results. 11e was led 

to postulate the occurrence of triple collisions and the 

appearance of a superposition of different processes in 

order to account for the observed results. 

From the foregoing it appears fruitful to examine 

more directly the usefulness of the diffraction of light 
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by ultrasonic waves in following a complete region of 

velocity dispersion for some gas. In doing so, it will 

be possible to determine the vibrational relaxation time 

of that gas and interpret the result from the standpoint 

of the collision mechanism. In working with atmospheric 

pressure and below, it should be possible to examine the 

limitations and accuracy of the method. Any positive 

contributions with this method should give confidence 

in its use and serve to introduce another means by which 

vibrational relaxation times may be determined. These 

are the goals of the present work and will require the 

construction of an adequate optical system and trans- 

mitter to properly activate the quartz transducer. 

Moreover, it will become of great significance to con- 

sider the temperature variation of the gas during the 

production of the ultrasonic field. This item has cer- 

tainly lacked detailed consideration in the previous 

works. 

. 

. 
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THEORY 

In order to develop the velocity dispersion 

equation for a single relaxation time, it is necessary 

to state three basic equations. These are the contin- 

uity equation, the equation of motion, and an equation 

of state. These are then combined with a relaxation 

equation to obtain the velocity dispersion equation. 

The development follows closely that given by Herzfeld 

and Litovitz (21, p. 25 -170). 

Equation of Motion and the Continuity Equation 

The general treatment for the adiabatic propa- 

gation of a periodic wave through a fluid medium may be 

simplified considerably by specializing the problem to 

the propagation of plane ultrasonic waves of moderately 

weak intensity. This restriction permits the density 

variation caused by the wave being propagated through a 

gas to be written as the linear function 

p = p0(1+s) (1) 

Here po is the equilibrium density, p the actual den- 

sity and s is called the condensation and is the ratio 

of the excess pressure to the equilibrium pressure. For 

the adiabatic process the linearization condition 
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requires that the experimental conditions correspond to 

the linear portion of a p versus (1 /V) plot where p 

is the pressure, V the volume and ó the ratio of the 

static heat capacities, Cp /Cv for the gas. 

In such a case, the continuity equation is 

+ az=0 o, 

and the equation of motion is 

át+ 
1 aZO. po 

(2) 

(3) 

Besides the previously defined quantities, u is the 

z- component of the mass flow velocity, t is the time 

and z is the normal of the propagated plane waves. 

The plane waves are described by the relation 

exp iw(t - Cl 
- iawUj )1 

. (4) 

Here w is the angular frequency, 27-(f, of the ultra- 

sonic waves, U is their velocity and a is the ab- 

sorption coefficient for the amplitude of the waves. 

It is to be assumed that s and u are also propor- 

tional to the exponential expression (4). 

Equation (3) is written as 

Ú 



cu 1 2_.p cs 
at s-. PO as az. 

It is also true that 

and 

yields 

ÚZ - (1 Ú 
U)s -iW1 

cu 
t = iwu. 

(5) 

(6) 

(7) 
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Substitution of equations (6) and (7) into (5) 

u 1 IR 1(1 iaU)s. 
po ds w 

(8) 

A relation between s and u is obtained by 

substituting their forms in terms of the exponential 

equation into the continuity equation (2). Thus, 

becomes 

so 

iws = i-w-(1 irJ)u (9) 

= (1 - (lo) 

r 

a 

s c7u 
at s - dz 

- 

. k 

v z 

- 

iwU)/U. 
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The useful result needed here is obtained by sub- 

stituting equation (10) into (8) to eliminate u and s. 

This yields 

1= 1 12 1_ia2 
podsÚ Uw 

Equation of State 

The heat capacities are introduced by an equation 

of state which depends only on the translational temper- 

ature which is denoted by Ttr. 

The enthalpy relation for the isentropic variation 

is separated into a sum of two terms. One is defined in 

terms of the translational temperature and includes the 

work term. The other term is defined in terms of the 

temperature T' of the internal degrees of freedom. Thus, 

the enthalpy, H, is expressed as 

H = HT + E'. 
tr 

Two heat capacities are defined by 

where 

a tiT 

a Ttrr 
= Cp and d- = C', 

p 

Cp + C' = Cp, 

(12) 

(13) 

(14) 

(n) 
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Cp being the static heat capacity at constant pressure. 

Applying the first law of thermodynamics to the 

adiabatic process and acknowledging that any work done 

on an element of volume goes toward increasing the in- 

ternal energy yields 

or 

Now 

and from 

one writes 

also 

and 

dE a - pdV 

d(E + pV) = Vdp. 

H: E + pV 

H = H(T,p) 

dT + 
T 

It is noted that 

P 

1 

T 

dH = Tds + Vdp 

dp = Vdp. (15) 

dE = TdS - pdV; 

(16) 

p 

= 
I rHI Cp T 

1 

l 



therefore, 

or 

dp T 

dH = TdS + Vdp 

aS 
+ V. 

T 

Using the Maxwell relation 

as 
t P T 

equation (17) becomes 

aH 
p T 

'ay 
aT 

= V - T 

p 

av 
T 

p 
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(17) 

(18) 

Substitution of equations (16) and (18) into 

equation (15) gives 

CpdT = dp. 

p 
(19) 

In terms of the separation of the enthalpy as 

shown in equation (12), 

Dv CpdTtr + C'dT' = Ttrr 7-.T) 
dp. (20) 

P 

The assumption has been used that :S' does not 

depend upon pressure at constant temperature. 

Using the definition for the coefficient of 

thermal expansion ß, 

- 
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equation (20) may be expressed as 

22 

(21) 

CpdTtr + C'dT' = (Cp)errdTtr = TtrVr;dp, 
(22) 

where ÇCp)eff is the effective heat capacity. 

Considering the volume as a function of pressure 

and temperature, it is possible to write 

dV = (3V dp + 8T dT. 
T 

(23) 

Using equation (21) and the definition of com- 

pressibility, KT, namely, 

KT 
1 
V 

aV 
p T 

(24) 

equation (23) may be written as 

dV = V( - KTdp + 3dT). (25) 

Under the condition previously stated, this latter 

equation is written as 

dV = V( - KTdp + dTtr) 

By the linearization condition stated in 

equation (1), it is possible tovrite 

(26) 

1faV 
, aT 

( 

' 

,p 

s - 

` 



ds = - dV /V, 

and introducing this into equation (26) yields 

ds _ KTdp 
T 

- dTtr' 

or 

dT 

dP 
= KT(1 

K dPr). 
T 

Using expression (22) in the form 

a Ttr p_Ttr 

23 

(27) 

(28) 

and substituting into equation (28), it is seen that 

dp 
= KTfl - TtrV'2/KT(Cp)eff}. (29) 

Use is now made of the equation giving the de- 

pendence of the difference of the heat capacity at con- 

stant pressure and of the heat capacity at constant 

volume on the coefficients of compressibility and of 

expansion. Herzfeld and Litovitz write this as 

Cp - Cv TVG2/KT. ( 3U) 

Assuming that the temperature in this latter 

equation may be represented by Ttr and substituting in 

equation (29) 

- 

V` 

P (Cpeff 
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La 
(CI) Cv) - 

KT 1 (31) 
dp 

z 
(Gp)eff 

Equation (22) is written as 

C' ( 0 
(Cp)eff 

Cp 1), 

- 1). 

(32) 

(33) 

= + 

tr 

and similarly 

(Cv)eff CV C'(r 
= 

+ 

tr 

Hence it follows that 

(C p) eff 
(0 

v) eff + 
Cp Cv' (34) 

An effective specific heat ratio, eff' 
may be 

defined through equation (34) as 

or 

(Ó`)eff 
s l. + 

C - C r n 

v eff 

1 
`xI` 

U ( )eff p eff 

Using equations (11), (31) and (36) it is 

possible to write 

_a l 2 d 
('1 J - 

i 
W 1 po Ids] - poKT óeff' 

(35) 

(36) 

(37) 

Denoting the quasi- static values by the index 

- 

- 

C C 

. 

=á 

)k 

- 
n 1 

r 

J 

' 



zero and multiplying equation (37) by Uó, one has 

iaUo 
0 

w 

2 
2 

- Jo -0 poRT eff' 
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(38) 

From the expression for the ideal gas velocity, 

Uo, given by 

U2 RT 
o - 

òko 
M 

it is possible to write 

to read 

) 
Uó Po T (39) 

This relation is used to simplify equation (38) 

U iaU 2 
o o Ú w = o/ óeff' 

(40) 

Equation (40) shows the velocity dependence on 

the heat capacity ratios and illustrates the effect of 

the absorption of the sound waves. At this stage it is 

necessary to introduce a relaxation equation. 

Relaxation and Velocity Dispersion Equations 

The relaxation equation dealing with the internal 

degrees of freedom has been given by Herzfeld and Rice 

and adopted by Herzfeld and Litovitz in the form 

(U 
o 
U ( 

o 

Í 

- 
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(41) 

where t' denotes the momentary value of the internal 

energy. The term ë'(Ttr) 
tr 

represents the value of the 

internal energy which would be present if the internal 

degrees of freedom were in thermal equilibrium with the 

external degrees which are at the temperature Ttr. 

The constant T denotes the relaxation time. 

Equation (41) may be written as 

-át,- 1 (T' - Ttr). (42) 

The validity of this equation is based upon the 

assumption that if the specific heat C' is independent 

of the temperature or if the temperature never deviates 

far from a value To, it is possible to write 

or 

E' - Eo = C'(T' - To). 

Equation (42) may be written as 

dT' - 
d = T - To - (Ttr - To) 

T' - To + 
d 

To t(" ) . Ttr - To. 

(43) 

(44) 

(45) 

Since the quantity (Ttr - To) is proportional to 

exp(iwt), the quantity (T' - To) varies accordingly. 

Et ' tr)} 

f 

o 

' 

(Ttr)}' 

- 
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Substitution of this proportionality condition into 

equation (45) takes the following form for the steady 

state condition: 

T' - T 
ltr lo 

- o 1 + iw'r' 
(47) 

Substituting equation (47) into equation (32) it 

is possible to deduce that 

C' 
(Cp)eff Cp 1+ iw-r a Cp - C'1 

+wiwj 
(48) 

Thus, it is possible to write equation (40) as 

Uo iaU 2 Çp 

- Cy 

where 

C' 
Cv +1 

+ iwr Cp+l+iw' 

+ C' / i + iw r ) 

0_ eff - (Cv. + C'/1 + iwr)' 

Equation (49) is then simplified to read 

2 ^. 

- 1 wU° . (1 + -24w7 )/(1 iwr ). (50) 
v 

, (49) 

Using the relation 

C - C' 

T' = 
pc 7 

p 

P 

the right hand side of equation (50) becomes equal to 

- 

w ` ( 

I 



1 
C'(C 

p 
- CV) 

iw 7' 
Cv(Cp - C') 1 + iw-r 
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(51) 

Separating equation (50), in terms of equation (51), 

into its real and imaginary parts it is seen that 

( 

Uo ) 2- (aU012 C'(Cp 

Ú w - 1 - C (C p 

and 
2 , ( aUo C 

, - Cv ) 

- Cv(Cp - C') 1+ 

- Cv ) w2 -r, 2 
,, - C' ) 1 + w2 rL + 

(52) 
1 

w T' 
w27-0. (53) 

For dispersion measurements, use is made of 

equation (52); however, . the term in this equation con- 

taining the absorption coefficient a is neglected. 

According to Herzfeld and Litovitz, the error introduced 

by neglecting this term is still beyond present experi- 

mental error. Thus, the dispersion equation is written 

as 

'U.o 

) 

2 

1 

C'(Cp - Cv) 

Cv(Cp - 
v( p 

C') ) 

w2 , 2 

1 + wz T 
(54) 

In order to obtain expressions for the limiting 

velocities, equation (54) may be represented by: 

(55) 

27,77- 

. 

1 

a 

2 

(1;12) 
. 1 



for low frequency, and for high frequency it becomes 

Uo 

Ua 

2 
C'(Cp-Cv) -C 

V Cp(Cv C') 
= 1 

Cv(Cp-C') 
= 

Cv(CP-C'). 

29 

(56) 

When the symbol a is used as a subscript or superscript, 

the value of the quantity involved is that value at 

"infinite" frequency. 

To evaluate the dispersion equation at inter- 

mediate frequencies, it becomes easier to consider the 

reciprocal of equation (50). Defining r" by 

Cv Cv-C' C a 
7"= 7'= c r 

v v v 

the simplification as before yields 

2 2 2 ' 

=l+l}w 7"2 C (cp-cY)' 
p v 

(57) 

(58) 

For purposes of plotting the experimental values, 

one notes that equation (56) may be written as 

Uá- Uó C' (Cp - Cv) 

U2 = Cv(Cp - C') 

Dividing equation (59) be equation (56), one has 

(59) 

--- u" 
, 

U ú 
o 

F. 
d 

'r 

/ 

O 
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U - U© C'(Cp - Cy). 
(60) 

U2 = C (Cy - C') 
o P 

Use of this relation in conjunction with equation (58) 

yields 

or 

(u'\2 s1+ w2r"2 
1 + w 0 

2 w2 7,2 
o 

U2 - Uó 
= 

1 + w2 ,r "2 
00 0 

(61) 

In principle the limiting velocities U0 and 1100 

may be calculated a priori and by an examination of the 

dependence of the velocities expression on the product 

term wq", the relaxation time may be evaluated for 

the case of an ideal gas. 

To inspect the variation of the velocity U upon 

the product term w'", equation (61) is rewritten as, 

or 

1 - w2 "2I 
g(U) 1/6 _ (1 

w 
2 ,f21 1 

g(U) _ X - % (1/w-" 
" +w w `r 

1/w7 

. 

7 U 

U2 - 

o 

+ 

- (62) 

"2 

Ug0 

, 
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where g(U) denotes the left hand side of equation (61). 

Making the substitution 

x= lnw7" 

into equation (62), it is found that 

or 

g(U) = h + h 
ex e-x 

(63) 

(64) 

g(U) _ 1//2 + tanh x. (65) 

Since the theoretical limits set on w are zero 

and infinity, the limits of x as determined by 

equation (63) are minus and plus infinity. Noting that 

the hyperbolic tangent for a negative argument is the 

negative hyperbolic tangent of that argument, but 

positive, the variation of tanh x is such that for 

w = 0, tanh oo = -1; goes through zero at x = 0 or what 

is equivalent, w7'" a 1; finally for w = oo , x =o..° and 

tanh oo = +1. Thus the curve envisaged for tank x is 

such that it is "S" shaped, occupying the first and third 

quadrants and having a point of inversion at the origin, 

(0,0). 

Then these properties of the hyperbolic function 

are applied to the function g(U) as expressed in 

- 
+ e-x/ 

/ 

h 
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equation (65), it is seen that g(U), as plotted against 

In w r ", varies between O and 1 with an inflection point 

Corresponding to g(U) = 36 where w r " = 1. The use of 

Briggs logarithms will result in the same behavior. 

Thus, a plot of g(U) against log w 7 " should yield an 

"S" shaped for a single vibrational relaxation time 

mechanism, with a point of inflection at g(U) _ f4 where 

w = 1 and knowing the value of w, 7-" and % may be 

evaluated. 

As was shown earlier in equation (57), 7-" is 

directly proportional to the true relaxation time T 

If the energy transfer process is assumed to occur 

through double collisions, then T must be proportional 

to the number of collisions Z and the time between 

collisions 73. Now the time between collisions is in- 

versely proportional to the pressure. Consequently, the 

relaxation time Y, as well as 7"", is inversely pro- 

portional to the pressure. Thus, with the assumption of 

a double collision energy transfer process, w ' may be 

replaced by 

wTö/p 

where % o is the time constant for a standard pressure, 

usually one atmosphere. Moreover, the same variation 

of g(U) should appear if the frequency f is increased 

. 
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or if the pressure p is decreased in the same ratio. 

It then is possible to rewrite equation (61) in the 

following form: 

U2 - U (27rf % o/p)2 (66) g(U) = U - U0 = 1 + (27f o/P)2 

From a plot of g(U) against log (f /p), the point of 

inflection is given by 

or 

27r(f/P)infl ro _ 
1 

-(0" = 1 / [2.Tr(f/p).nfl 

From this, one has 

Co Co 1 T v 
o 

= v 
o Coo C°O 27r(f/P)infl 

v 

(67) 

(68) 

where infl means the value of that quantity at the 

point of inflection of the curve of g(U) versus log (f /p). 

To obtain the value of a single occurring vi- 

brational relaxation time for experimental data, it 

seems sufficient to plot the velocity function g(U) 

against log (f /p) and to superimpose on the plot an 

"S" shape curve plotted previously from considerations 

of the behavior of the hyperbolic tangent. A curve 

. 

v 
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may then be drawn to accomodate the best fit consistent 

with the experimental data and a relaxation time eval- 

uated from the value of the coordinates corresponding 

to the point of inflection. 

On the other hand, it is possible to rearrange 

equation (66) into a form which may be used to obtain 

a linear plot. Such a plot seems to be preferable over 

the curve fitting method described in the last para- 

graph. In this case equation (66) is written as 

or 

U2 - U2 
h(U) = ° _ (w/p)2 1ö2+ (69) 

Uo- U2 

log (f /p)2 = log h(U) - log (27y')2. (70) 

The interesting fact about this equation for a 

straight line is that it insists on a slope of 45 degrees 

when log (f /p)2 is plotted against log h(U). This con- 

dition of restraint is equivalent to the insistence of 

an "S" shape curve in the curve fitting procedure de- 

scribed previously. 

Thus having drawn the straight line through the 

data at a 45 degree slope, the value of h(U) correspon- 

ding to the value of (f /p) equal to 1 mc2 atm -2 is 

equated to (277-7-(;)2 since then 

°U2 _ 
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log h(U) = log (2 Tryo)2 ö)2 

"o = 27A/h(U) (g sec atm) (71) 

and 
To 

is determined from use of equation (68). 

The selection of that value of h(U) for which 

the quantity f/p is equal to 1 me atm -1 is equivalent 

to obtaining the relaxation time at the point of in- 

flection from the plot yielding the "S" shaped curve. 

According to the author's knowledge, the re- 

arrangement of the involved quantities to obtain ex- 

pression (70) and its application as discussed here for 

determining a value for the vibrational relaxation time 

has not hitherto been made. Subsequently, it is 

necessary to emphasize that the subjection of the 

experimental results with reference to a straight line 

as required by expression (70) imposes a more severe 

condition on the results than interpreting the results 

in terms of expression (66) with reference to an "S" 

shaped curve. Nonetheless, it is equally true that 

insertion of experimental values of velocity approaching 

the value of either Uo or UDO in equation (70) are to 

be discouraged since the exactness imposed by this 

equation for these values produces too large a deviation. 
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However, use of equation (70) in conjunction with 

velocity values sufficiently removed from the limiting 

values is an excellent and convenient test for evalu- 

ating the relaxation time associated with a single vi- 

brational relaxation process. 

This theoretical treatment has served to explain 

most observed results obtained thus far. This model for 

a single vibrational relaxation time is further sub- 

stantiated by the statistical mechanical treatment of 

the harmonic oscillator as outlined by Herzfeld and 

Litovitz and which was first treated by Landau and 

Teller (37). 

The simple selection rules for energy transitions 

in the simple harmonic oscillator and the fact that the 

energy levels are equally spaced have made the treatment 

possible. For the relaxation process involving rota- 

tional energies the theoretical treatment becomes more 

formidable. Also the existence of more than one vi- 

brational relaxation time increases the complexity of 

the problem but presents a relatively more favorable 

case. The interpretation of the occurrence of more than 

one vibrational relaxation time may be made with good 

success by extension of this simple treatment; however, 

most observed results may be interpreted in terms of 

a single vibrational relaxation time. 

. 



37 

SUMMARY OF THEORY FOR DIFFRACTION OF LIGHT 
BY WEAK ULTRASONIC WAVES 

In 1922 Brillouin (6, p. 88 -122) presented 

theoretical arguments regarding the scattering of light 

and x -rays by thermal density fluctuations which, 

according to him, had their origin from a superposition 

of sound waves in a body. This has been recognized as 

the suggestion which led to the experiment in which a 

plane ultrasonic wave field acts as a grating insofar 

that if a parallel beam of light passes through the 

sound field it would be diffracted. Through use of 

appropriate optics, this light would result in a dif- 

fraction spectrum when focused on a screen. 

The first such experiment has been credited to 

two groups of workers, Lucas and Biquard (40) in France 

and Debye and Gears (10) in America. Both groups re- 

ported observing the phenomenon in conjunction with 

liquids in 1932. 

The qualitative interpretation of the effect, as 

presented by Born and Wolf (4, p. 590 -607), is illus- 

trated in Figures lA and 1B. Figure lA outlines the 

typical experimental setup. In this figure S is a 

slit source of monochromatic radiation of wavelength 

which is made parallel by the collimator lens L1. The 

light beam then traverses the sound wave field through 
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the effective width d. The sound field is produced by 

the proper activation of an x -cut piece of quartz. The 

emergent light rays are made to focus on the photographic 

plate P by the condensing lens L2. 

Figure 1B shows the manner in which the light rays 

are diffracted in the ultrasonic plane wave field. For 

purposes of illustration the regions of compression are 

shown as lines. The light rays are diffracted by these 

regions because of the relatively greater index of re- 

fraction. The constant value of the distance between 

two adjacent compressions is designated by A and is 
equivalent to the sound wavelength. 

In general the medium under study does not have 

the same index of refraction as that of the external 

surroundings. Hence, because of the difference in the 

indices of refraction under static conditions, the 

angles are shown as primed and unprimed. 

The necessary condition that the two rays emerge 

in phase to give rise to constructive interference is 

that expressed by the equation 

AB - CD = (sin e - sin k 

k = (0, ±1, ±2, ...), 1 

where A ' is the wavelength of light inside the medium. 

By Snell's law, it is also true that 

a') = /1,1, 
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sin a' sin e' At 
sin a r sine 

With this relation it is possible to write 

A(sin 8k - sin a) 

k = (0, ±1, +2, ...). 

Thus for two consecutive values of k, 

sin ek +1 - sin e = ek +1 ek = íl /A 

which indicates that as the wavelength of sound increases, 

i.e., frequency of sound decreases, the angular separ- 

ation between rays becomes indistinguishable. This 

equation is usually written as a grating equation with 

the grating constant being identical to the sound wave- 

length, n A. Thus, 

sin ek = kA, k : (0, +1, +2, ...). 

The spacing; between the kb order line and the 

zero order, 6k, is related to the focal length of the 

objective leas, F, and the angle 8 by 

bk /F - sin 8k. 

(This approximation is discussed in Appendix 2.) 

Substituting this last relation into the grating 

. 

l 

= kA, 

- , 

` 
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form of the equation and solving for the wavelength, it 

is found that 

A = k F/bk + 

hence, knowing the separation between the k% order and 

the zero order or some such related distance it becomes 

possible to determine the wavelength. Knowing the fre- 

quency of the ultrasonic wave, the velocity is easily 

determined from the product of the sound wavelength and 

frequency. 

As stated in a previous section, the first 

acceptable theoretical description of the intensity 

distribution involving several diffraction orders pro- 

duced by a plane ultrasonic wave field was given by Raman 

and Nath (46, 47, 48, 49). A similar treatment was 

carried out by David (9) but whereas the former work was 

directed to account for the phenomena involving the 

appearance of several orders in the spectrum, David's 

approach was confined to describe the intensity distri- 

bution for a spectrum comprised of at most the first and 

second orders. Both works use the wave equation as the 

starting point in their derivation; however, whereas 

David chooses to use the expression for the variation 

of the index of refraction as 
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n = no + n 
1 

cos (2 7Tz /A) 

Raman and Nath, in treating the problem for a progressive 

ultrasonic field, choose the expression 

n = no + n1 sin [2'/((f t - z/A )] 

In these expressions, n signifies the instantaneous 

index of refraction, no the index of refraction in the 

medium in the absence of ultrasonic energy, nl the 

amplitude of the chance in the index of refraction due 

to the pressure wave, z the perpendicular distance 

between the source of ultrasound and a point in the 

ultrasonic field, f signifies the frequency of the 

ultrasound having a wavelength A , and t represents the 

time. 

The inclusion of the time dependence in the 

instantaneous refraction in the treatment by Raman and 

Nath, establishes the presence of a Doppler shift and 

coherence phenomena in the diffracted light. Such a 

result should not detract from the comparison of inten- 

sity expressions given by David and by Raman and Nath, 

but is nonetheless an interesting result. 

The validity of the result given by Raman and 

Nath -- that the relative intensity for the kb order 

varies as the square of a Bessel function, J2(27Tn1 d /)( ), 

where in the argument of the Bessel function d is the 
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length of path of the light through the ultrasonic 

field -- is based on the magnitude of the expression 

k2 2/noni 2 

where k is the order number and A the light wave- 

length, the other quantities having been defined pre- 

viously. For their derivation, Raman and Nath require 

that this quantity be small, but actually this quantity 

is to vanish for an exact solution. Certainly the quan- 

tity cannot vanish but the formulation implies that the 

closer this quantity is to zero the better will be the 

correlation between theory and experiment. 

The validity of the expressions derived by David 

depends upon the restriction that the intensity of the 

zero order is not affected by the intensities of the 

diffracted orders. David points out that for the gen- 

eral case, the intensity of the kth order is proportional 

to E 2k where E = nl A'2 
o 

which for a gas takes 

the form E = n1 A26\2. In view of this David mentions 

that if E "l or E >1, the theory predicts the 

appearance of several orders in the diffraction spectrum 

related with a complicated distribution in intensities. 

David's expression for the intensity of the first 

diffracted order is 

n l 
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r C sin (á + 16) 

2 

I1 
= 

L 

where á = 
n a, xo TrAd /A2, and of the yet un- 

defined quantities, a is the angle between the parallel 

light beam and the sound wave fronts of the ultrasound. 

For a comparison of the theories of David and of 

Raman and Nath, it is necessary to obtain the intensity 

expression found from David's treatment for which a = 0, 

a condition under which the intensities of the plus and 

minus first orders are equal. In this case 

Il 

/ 
_ 2 

Esin (XO/2) 

Y2 

Moreover, the restrictions characteristics of 

the treatments must be recognized. One such restriction 

imposed by the solution of Raman and Nath requires that 

the quantity A2 /n1A 2 be small. This is satisfied by 

the condition n1 > (A /n.)2. Now it is true (29, 

p. 128) that if 1.$1<<1, 

Jk( ) = 
k 
/k:2k. 

This means that if for the expression of Raman 

and Nath 

J2 k(2 Tl ñld/ ) (2 Znld/A )2k )222k 

A 

á + i J 

= (k: 

_ 

J 



it must be true that nld /, « 1. In particular if 

k = 1, 

di (27lnld/íl ) ( Trnld/il)2 

This then means that if the intensity of the 

first diffracted order is riven by (Trn1d /A)2, then 

in the theory of Raman and Nath, it is necessary and 

sufficient that 

» 
nl 

> 

The equality can also read 

2 

2 

or A 
2 
<< 1. 

A 
It is to be noted that David's expression for 

the first order intensity 

_ 2 
E xosin(xo /2) 

I1 

_ (X0/2) 

becomes 

Il = (Ei)2 if xo/2 << 1. 

45 

On substituting for the quantities as previously defined, 

this latter equation reads 

Il (nl 
A2 

%j'íl d/ A2A2 ) 2 

d 

_ 

24 

» A 
/ 

= _ 
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Il (n17( d/A )2 if (77-A d/2A2) < < 1. 

Also to be noted is that the condition 
'o 

<< 1, 

follows from the two conditions imposed in the reduction 

of the expression given by Raman and Nath and that the 

condition 

A 
2 

is necessary and sufficient for both theoretical ex- 

pressions to become identical. 

The inequality which is necessary for reduction 

of both theoretical treatments, but which is a sufficient 

condition only for David's theory, 

or 

(%rAd /2A2) «1 

d «(2A2/A Tr) 

is easily evaluated. For example, assuming A = 5000A 

and U = 350 meters per second, for the reduction to be 

possible 

d « 15.6 cm/ fmc 
where f is in megacycles per second. 

= 

d>>ni > 
1, 



47 

In the present work, a crystal of circular shape 

was used, with a diameter of 4.45 cm. Although no treat- 

ment of the case of an ultrasonic field of circular 

cross -section appears to have been considered in the 

literature, it would appear reasonable to state that 

the average d for the present work was appreciably 

less than 4 cm.; thus, the inequality d < (2A2/7-0 L) 

is satisfied for frequencies of one megacycle per second 

or less. 

On the other hand, the additional condition 

peculiar to the theory of Raman and Nath 

nl > ( /A )2 

requires an evaluation of the experimental quantity n1 

but can, in principle, be satisfied. 

Reference is now made to the results obtained by 

Korff (33, p. 708 -720) in an experiment undertaken to 

examine the validity of David's theory. In his work, 

Korff used a quartz crystal having; a fundamental fre- 

quency of 4.28 me sec -1 as the source of ultrasound. 

The medium was air at one atmosphere pressure. 

The expression for the first order intensity ob- 

tained by David is conveniently written by Korff as 
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Il 277"2(no - 1)2 

ó pbT2 

where, summarizing, 

and 

E 
d2 sin 2 ( 

P-2 

(-- /l d 
_ %rl 2 , 

p. specific gravity of the gas 

U = its sound velocity 

no index of refraction of the gas in the 
absence of ultrasonic energy 

E = ultrasonic energy per cm3 

d = length of path through the sound field 

l = light wavelength 

A= sound wavelength 

a = the angle between impinging light rays 
and sound wave front. 

Special emphasis is placed by Korff on two 

conditions with respect to the value of a. One is the 

symmetrical condition, a = 0, and is called symmetrical 

because with this value of a, the intensity of the plus 

one and the minus orders should be the same. The second 

condition is called the Bragg condition and here a 

takes on a value expressed by 

a =±A/211. 

14 

= 
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In the latter situation, if a takes on either of these 

values, the intensity of one of the first orders should 

be a maximum according to David's theory. 

For the symmetrical case, the intensity of dis- 

tribution of the plus one and minus one orders is given 

by 

I+l 2ÌT`-(n -1)2 d2 sin2(7TdÀ /2A2) L(TTd/l/2n2) 
o L 

/l2 (7Td/l/2 
A2)2 

Io pu2 

In the Bragg condition for which a = + A /2 ̀ 1 

and = 0, the maximum intensity of one of the two orders 

is given by the expression 

Il 2 TT2(n -1)2 d2 
E 

I° pU2 2 max 

It is important to point out that this maximum 

in intensity, as seen earlier, will also be approached 

as the relation (¡TÀd /2A2) <<1 is better satisfied. 

For velocity measurements it should be clear that 

the probability of .attaining the best precision involves 

the measurement of a distance between two lines of sim- 

ilar intensity. For this reason attention must be con- 

centrated on the intensity expression for the symmetrical 

condition. Regarding; the expression concerned, it pre- 

dicts a maximum in the intensity when the trigonometric 

13 

= 
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term has a value of unity since the factor d would 

cancel. This condition implies that 

or 

d//,n.2= (2q + 1), q=0, 1, 2, ... 

d = 
(2g 

+ 1)A2/íl = 
(2g 

+ 
1)u2/1.2À 

Thus, using A. 5461 

d = {(2q+l)U2/f2]l. x 10-4 cm 

or using A = 4358 Al 

d = [(2q + 1)U2/f2] 2.29 x 10-4 cm 

provided the value of f is in megacycles and U in 

meters per second. 

Application of these results to a case where 

U = 350 meters second (velocity of ultrasound in air is 

about 346 meters sec -1 at room temperature and atmos- 

pheric pressure), A. 5461 A and a frequency of one 

megacycle, 

d5461 = 22.42 (2q + 1) cm 

and if instead, A = 4358 A, then 

d4358 ° 
28.05 (2q + + 1) cm. 

f 

A, 
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Thus using a frequency of one megacycle and the 

green line, the theory predicts an impractical value in 

the crystal size for obtaining a maximum in the symmetri- 

cal intensity distribution under ordinary conditions. 

Korff found that under similar conditions but 

using the 5461 A line and a frequency of 4.28 me sec -1, 

the theory predicted a minimum in the intensity using 

d = 2.30 cm and two maxima, one at d = 1.15 cm and the 

other at 3.45 cm. He found that the intensity increased 

linearly with a slope of slightly less than unity when 

plotted against d up to a value in d of 2.0 cm. Then 

the line becomes concave downwards to accomodate a point 

at d equal to 3.2 cm. In terms of the quantity 

(d/l /A2), the value of d = 2.0 cm corresponds to 

(d A /A2) = 1.67, which is to be compared to the value 

unity predicted by theory for the first maximum. 

Using light of wavelength 5461 A, Korff found 

that the intensity of the first orders was less than that 

obtained using the 4358 A line. This increase was found 

to be in the right direction but the values deviated 

about +40 from those predicted by David's theory. 

The variation of the intensity due to pressure 

for the symmetrical condition -- assuming the velocity 

of ultrasound in the gas remains relatively constant -- 

is due to the factor involving the index of refraction 

% 
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in the numerator and the density occurring in the denom- 

inator. For this evaluation reference is made to the 

Mosotti- Clausius equation (16, p. 536) which may be 

written as 

no - 1 7=7 2TrNaE p /M 

where 

N = Avogadro's number 

aE = electron polarizability 

p = density of the gas under static 
conditions 

i°i = molecular weight of the gas. 

Since the density is directly proportional to the 

pressure, other parameters being equal, the result is 

that in the absence of absorption of ultrasonic energy, 

the intensity of the first order intensity for the sym- 

metrical condition should increase directly as the pres- 

sure. Korff did not study or propose this variation of 

intensity with pressure. 

In regards to the absorption of ultrasound such 

as to affect the value of E in the intensity expres- 

sion, Hayess and Winde (19, p. 196) point out that as 

the density increases the absorption decreases as in- 

dicated by the following relation 

E = Eo exp(-bz/p ), 
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where h is the sound intensity at a distance z along 

the normal from the source of ultrasound, E 
o 

is the 

value of E at z = 0, b designates a constant and p 

has been defined. 

The absorption referred to in the last paragraph 

is due to the classical, visco- thermal, absorption given 

as (21, p. 44) 

87-2 f 1 á- 1 ac 3 p 
)/k. 

( ,L.( + 4 cp X) 

where 

ac = classical absorption due to viscosity 
and thermal conduction effects (per 
wavelength) 

= heat capacity ratio calculated in terms 
of the total heat capacities 

ep = specific heat (joules /gram) 

/,( = coefficient of shear viscosity (poise) 

X = coefficient of thermal conductivity 
(joules /cm sec °C). 

Thus summarizing the factors involving the inten- 

sity of the first order spectrum as derived by David for 

the symmetrical condition, it can be stated that: 

(1) The intensity should vary periodically with 

the length of path of the light, d, through 

the ultrasonic field by the factor 

sin2(7ydíl /2A2). However, if 

P 

ó 

- 

- 
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(7 /( d /2A2) <<1, then the intensity will 

depend directly on the square of the length 

of path of the light through the ultrasonic 

field. 

(2) The intensity should be 2.46 times greater 

using light of wavelength 4358 A over that 

from 5461 A since the intensity varies in- 

versely as the fourth power of A. 

(3) For a constant frequency the intensity should 

vary directly as the square of the ultrasonic 

velocity in the medium. 

(4) For a constant ultrasonic velocity and 

negligible ultrasonic energy absorption, the 

intensity varies inversely as the square of 

frequency. 

(5) The intensity varies directly as the pressure 

again in the absence of ultrasonic energy 

absorption. 
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EXPERIMENTAL APPARATUS 

The Optical System 

The optical system employed is outlined in 

Figure 2. Here the light source is designated as H, a 

filter for producing monochromatic radiation as F, an 

adjustable aperture shutter as D, the slit as S and the 

photographic plate as P. The lens designated as Ll was 

a condenser type two and three- quarters inches in diam- 

eter with a focal length of three inches. It served to 

focus the light from the lamp onto the slit. The lens 

L2 was a Kodak Aero -Ektar and lens L3 was a Bausch and 

Lomb Aero -Tessar. Both had a focal length of 24 inches 

and were four inches in diameter. 

Lens L2 was used as a collimating lens and L3 as 

a camera lens. Bach of these two lenses, L2 and L3, was 

housed in a 23 inch metal cone and was equipped with an 

adjustable diaphram through which it was possible to use 

the full aperture or to reduce it to a diameter of 

approximately 2Y2 centimeters. The lenses L2 and L3 were 

coated in later stages of experimentation. The area en- 

closed with the broken line rectangle between L2 and L3 

represents the location of the sample cell. 

In the initial stages of this study, a 250 watt 

AH -2 General electric mercury vapor lamp was used; as 
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the investigations progressed a more powerful lamp was 

used. This was a General Electric mercury lamp type 

H 400 -E1T, having a wattage rating of 400. 

As a filter for the 5461 A Hg line, F consisted 

of a series of three separate solutions, viz., neodymium 

chloride, cupric nitrate and sodium chromate, made to 

comply with those specifications given by Stamm (55, p. 

319 -320). Transmission characteristics of these solutions 

were obtained with a Cary recording spectrophotometer 

using a one centimeter sample cell. The results are 

grouped together in Figure 3. An effective filter was 

obtained when each solution was contained in a lx4x4 inch 

liquid tank and all three tanks were placed between the 

lamp H and the lens L1. 

The slit S was formed from two edges of a double 

edge razor blade. Its width was adjusted to be approxi- 

mately 0.04 mm and the maximum height was about 2/ : cm. 

As an innovation for varying the angle between the 

parallel beam of light and the ultrasonic wave fronts, 

the slit was placed on a mechanical stage movable in the 

vertical direction. This slit elevator consisted of a 

7/8 inch diameter threaded shaft having ten threads per 

inch and threaded through the center of a flat gear in 

a 20:1 ratio. The shaft through the center of the worm 

gear extended on one end to a counter which read the 
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tenths of revolution of the worm gear. On the other end 

of the shaft was a turning dial operated manually. With 

this arrangement, one complete turn of the worm gear 

moved the slit 0.005 inch vertically and it was possible 

to read directly to a tenth of this interval if necessary. 

The camera, which used lens 
L3 

as its objective, 

was made from a camera box originally made to accomodate 

a maximum size plate of 5x7 inches. A plate holder sup- 

port was made such that a least five exposures could be 

obtained on one 4x5 inch plate, which was adopted as the 

standard size in this study after the intial investi- 

gations. For visual inspection of the image to be photo- 

graphed, a ten power eyepiece was substituted to the 

plate. 

The Electrical System 

a. The transmitters. 

Investigations for obtaining a suitable trans- 

mitter which led to the observation of diffraction in 

air at one atmosphere pressure necessitated the evalu- 

ation of two transmitters before the third and final one 

was selected. 

Of the first two, one was a commercial trans- 

mitter, a Heathkit Model DX -40. This was used in 
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conjunction with a crystal having a fundamental frequency 

of seven megacycles and also, after a slight modification, 

with the third overtone of a one megacycle crystal. This 

transmitter used a 6146 tube in the final stage and a 

pi- network antenna coupling which was to match a load of 

50 to 1000 ohms. It was specified to have a peak power 

input of 75 watts on CW and 60 watts on phone. It could 

be either crystal or VFO controlled. After completing 

experimentation with a seven megacycle quartz crystal in 

its fundamental, second and third overtone, capacitance 

was added to the 80 meter tank circuit in order to acti- 

vate the one megacycle crystal in its third overtone. 

The output of the transmitter was connected to the crys- 

tal in the low pressure cell through a length of RG 11 /U 

coaxial cable. 

The second transmitter was also crystal controlled 

with a 999.5 kilocycle crystal and was built about a 

6L6 vacuum tube. This was to activate a one megacycle 

crystal. The schematic diagram of the circuit is shown 

in Figure 4. The improvement of this circuit over that 

of the first transmitter lies in the coupling to the 

transducer crystal. The loose coupling shown was through 

a coil, L, whose specifications remained unknown. It was 

taken from a surplus aircraft transmitter type TA -12 made 

by Bendix Radio. It was with this oscillator that 
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diffraction in air was first seen when used to activate 

a one megacycle transducer crystal. 

The third and final transmitter used was built 

basically as a Hartley oscillator. This oscillator was 

also built for one megacycle operation but had the added 

advantage that the frequency region covered could be 

changed by merely changing the LC combination. Moreover, 

it permitted a region of tuning over the proximity of the 

crystal's frequency of operation. The other feature 

which made this oscillator more desirable than the one 

built about the 6L6 vacuum tube, was the possibility of 

obtaining a considerably greater amount of power using 

the 811 tube. Figure 5 shows a schematic diagram of this 

circuit. This oscillator had a separately housed power 

supply which could deliver a maximum of 1600 volts B+ and 

300 ma. The coil designated as L in Figure 4 was made by 

wi ling 54 turns of 18 enameled copper wire on a 2/µ inch 

form. A tap was placed at 121h turns from the grid leak 

connection. The variable condenser was a surplus element 

equipped with a gear arrangement for fine tuning. The 

variable portion of the condenser had a maximum capaci- 

tance of about 200 /J J fd. Thirty -one turns of a dial 

were required to cover the region between minimum and 

maximum capacitance. 
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b. The frequency meter 

The frequency of the crystal oscillation was 

monitored by using an LM Heterodyne Frequency Meter Model 

15. The input signal was taken from an antenna passing 

over the gas cell. This incoming signal was mixed in 

the meter with a standard crystal frequency, fundamental 

or harmonic, and the beat picked up on a pair of head- 

phones. The dial reading at which the beat became null 

was recorded as the corresponding; ultrasonic frequency. 

The meter, whose frequency range was listed as 

being from 125 to 20,000 kilocycles, was standardized 

during any exposure which involved the activation of the 

transducer crystal. The accuracy in frequency measure- 

ments with this particular meter was reported to be 

+0.005 kc. This was done by the usual check -point pro- 

cedure. A block diagram of the foregoing described 

electrical system is shown in Figure 6. 

c. Voltage measurements 

The radio -frequency (rf) voltage measurements 

under 300 volts were made with a Hewlett -Packard Volt- 

meter Model 410B. For higher voltage measurements the 

B+ voltage on the plate of the 811 vacuum tube was used. 

The deviation between both values, rf and B+ voltages, 
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was small but increased as the voltage increased. Be- 

yond 300 volts rf, the reading of B+ must be accepted 

only as an indication of the rf voltage on the transducer 

crystal. 

The Gas Cells 

Two gas cells were employed in this investigation. 

One was a low pressure cell and the other a high pressure 

cell. 

a. The low pressure cell 

The low pressure gas cell was constructed from a 

two inch cross of Corning industrial glass made to be 

used in conjunction with pressures of about one atmos- 

phere and below. The cell may be visualized as made by 

the symmetrical right angle intersection of two eight 

inch lengths of industrial glass pipe having an inner 

diameter of two inches. The cell is shown intact in 

Figure 7. 

Two of the four openings of the cell were closed 

with two coated flat glass windows having a diameter of 

65 mm and an 8 mm thickness. A rubber "0" ring was 

placed between each window and the cell aperture. The 

window was supported by a half -inch thick aluminum plate. 

The aluminum plate was recessed to accomodate the 
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Figure 7. Photograph of low pressure gas cell. 
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window and another "0" ring was placed between them. The 

window was set in place by bolting the aluminum plate to 

an aluminum flange common to the cross. 

On one of the remaining two apertures of the cross 

was placed a brass plate inch thick and bolted in the 

same fashion. A neoprene gasket, also common to the 

cell, was placed between the brass plate and the glass 

cross. A brass cylinder having an inner diameter of 

half -inch and a wall thickness of 1/8 inch was silver 

soldered to the inside of the brass plate. The cylinder 

received a half -inch brass stem from a brass table which 

served as the support for the quartz crystals. This re- 

sulted in a telescopic joint between the brass plate and 

the brass table permitting the raising and lowering of 

the quartz transducer. A set screw held the quartz mount 

in place. 

A Stupakoff seal placed in the brass plate served 

as the high voltage lead, the plate being the ground 

side. On the external side of the plate, a coaxial "T" 

connector was fixed to the lead. 

The last of the cross openings, that opposite the 

brass plate, serving as support for the crystal mount, 

had a fine inch piece of industrial glass tubing similar 

to that from which the cross was made. It was also held 

in place with three bolts, a neoprene "0" ring and two 

Y. 
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aluminum flanges. The outer end of this piece was 

brought to a $ 24/40 joint used as support for the inner 

joint holding the thermistor leads. This piece of glass 

also had a side arm and stopcock which could be connected 

to a vacuum line through a ball joint for evacuation and 

filling purposes. 

The all glass vacuum line was equipped with an 

ordinary mercury manometer and meter stick such that the 

absolute pressure could be read to +0.5 mm with great 

ease. 

b. The high pressure cell 

The high pressure cell was built from a four inch 

cube of 2024 T -4 aluminum stock. Two cylindrical 

openings perpendicular to each other and each parallel 

to a cube surface normal were symmetrically worked in 

the aluminum. One such cylindrical opening was of a 

21/2 inch diameter and the other was 1 and 3/4 inches in 

diameter. The larger one accomodated the crystal mount 

and the smaller one was closed with the two coated glass 

windows previously used with the low pressure cell. 

These windows closed the ends of the 1 and 3/4 inch 

cylinder with a metal seal. An "0" ring, 1/8x2/2;: inches 

was placed between the window and the aluminum block. A 

recessed aluminum plate held the window against the block 
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by the use of six bolts. The windows were cushioned 

against the aluminum plates with thin gasket material. 

The larger openings were also closed with "0" 

rings and aluminum plates in metal seals. One of these 

plates supported the quartz crystal mount and also a 

Stupakoff seal for the high voltage lead, the body of 

the cell being used as ground. Again a "T" coaxial con- 

nector was employed to bring in the output from the 

transmitter. 

The other plate closing the 23 inch bore was 

equipped with Stupakoff seals for thermistor lead -ins. 

It also supported a brass nipple for connecting the cell 

to a gas line of copper tubing. In between the gas inlet 

from a gas cylinder and the high pressure cell were two 

taps. One was a Housekeeper seal which made it possible 

to connect the high pressure line to an all glass vacuum 

system. This permitted the rapid flushing of the cell 

when introducing a purified gas and also allowed the all 

glass system to be shut off from the high pressure line. 

The second tap went to a high pressure gauge of 

the Bourdon type made by United States Guage Company. 

The 4Y2 inch dial had a maximum reading of 200 psig. 

All the high pressure line was made of inch 

copper tubing and 'A inch Hoke valves. Two of the latter 

were used. One isolated the high pressure line from the 

L 
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all glass vacuum line while the other isolated the gas 

cylinder from the rest of the system. 

The construction of the more important functional 

elements of the high pressure cell was based on the low 

pressure cell as a model. This was true in particular 

with respect to the crystal mount support. 

The high pressure cell was designed to safely 

withstand a working pressure of ten atmospheres. An 

exploded view of the high pressure cell was photographed 

and is shown in Figure 8. 

Quartz Crystals and Their Mounts 

The x-cut quartz crystals, purchased in a diameter 

of 1 and 3/4 inches, were silver plated in the laboratory 

according to the Brashear's silvering process (24, p. 

2296-2997). In the cleaning procedure suggested previous 

to coating the crystal, it was found necessary to add to 

the procedure the rinsing of the crystal with stannous 

chloride just before the final washing. This step was 

taken from the cleaning procedure suggested by Strong 

(56, p. 154). 

Very good plated surfaces resulted after subjec- 

ting the crystal to the silvering process three consecu- 

tive times. After the plated surfaces were dry, the 

perimeter of the plated crystal was cleaned with 
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concentrated nitric acid. The nitric acid was washed off 

immediately and the crystal allowed to dry. After drying 

the crystal's perimeter was cleaned with an organic sol- 

vent. Resistance measurements between the two crystal 

surfaces indicated a dc resistance of no less than 500 

megaohms. 

Initially the quartz crystal mount called for a 

plastic ring, usually of Micarta or polystyrene, to hold 

the quartz transducer in place. The plastic ring was 

equipped with a 3/16 inch lip all about its perimeter 

such that a narrow brass shim stock rim electrode could 

be placed underneath the lip between the plated surface 

and the plastic. The electrode was made with a pigtail 

which protruded the plastic and was soldered to the high 

voltage Stupakoff lead. 

To enhance the contact between the rim electrode 

and the crystal surface, the plastic ring was fitted with 

a thread and brass knurl nut such that when the nut was 

tightened the edge of it pressed against the underside of 

the brass table. Actually it was soon learned that 

tightening the nut produced too much damping on the 

crystal. Instead the ring was left loose and contact 

between the rim electrode and crystal surface depended 

entirely upon the tendency of the weight of the knurl 

nut to pull down the plastic ring. In this manner a 
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good electrical contact was made and the damping was 

lessened considerably. 

The table upon ..hich the plated crystal rested was 

a disc of + inch brass approximately the same diamter 

as the crystal. 

During the preliminary stages of experimentation, 

the rim electrode was found to be deficient insofar that 

at higher voltages, about 250 volts ac, arcing occurred 

between the electrode and the crystal surface. The 

arcing caused oxidation and evaporation of the plated 

surface leading to very poor electrical contact and con- 

sequently inefficient electrical power transfer from 

oscillator to crystal. This objectionable feature was 

completely eliminated by removing the ring electrode and 

substituting a narrow strip of shim stock. The tip of 

the strip was adhered to the upper crystal surface with 

silver circuit paint. At worse, this connection was 

disturbed by what could be explained as flaking of the 

dry paint caused by the large amplitude of vibrations of 

the crystal at low pressures and high voltages. In 

addition to substituting for the rim electrode, a plastic 

ring was placed on the brass table such that it would 

prevent the crystal from falling off the table when the 

crystal was activated or the cell was moved. This ring 

did not necessarily come into contact with the crystal 
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and served to support the shim stock strip. Figure 9 is 

a photograph of the two crystal mounts described. 

The Thermistor and Temperature Measurement 

A bead type thermistor number GB32J2 obtained from 

Fenwal Electronics was used as the temperature sensing 

device. The specifications accompanying the thermistor 

listed a resistance of 2000 ohms at 25 °C, a temperature 

coefficient of resistance equal to -3.9 per °C, and a 

time constant of two seconds. It was used as a variable 

resistance element in a Wheatstone bridge arrangement, 

resistance being continually monitored by a Leeds and 

Northrup Speedomax strip chart recording potentiometer 

type G. An outline of the bridge arrangement is shown 

in Figure 10. 

The thermistor circuit was similar to that 

described by Zeffert and Jitherspoon (60). A 1.5 volt 

telephone cell was used as the EMF source and was found 

to be satisfactory for an accuracy of 0.1 °C between the 

temperature region of interest, 20 to °C. A resistance 

of 500 ohms was placed in series with the cell to main- 

tain the thermistor current between 0.1 and 0.2 ma. With 

this current value, any heating due to the thermistor 

should have been negligible and the thermistor resistance 

variation was specified to be linear within this 
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Figure 9. Photograph of the two crystal mounts used in this study. 
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temperature range. The load on the Speedomax recorder, 

a variable 2000 ohm helipot, was set such that full scale 

deflection of the chart was equivalent to approximately 

a total temperature change of ten degrees. The chart 

was marked off in one hundred dividisons, permitting the 

reading of the temperature to 0.1 °C with sufficient 

accuracy. 

The thermistor was calibrated in a water bath 

against a thermometer marked off in 0.05 °C divisions. 

The thermometer had been previously calibrated by the 

Bureau of Standards. A typical calibration plot of 

temperature versus pen deflection could not be distin- 

guished from a straight line with all the points falling 

within the line. Initially the calibration lines would 

be slightly displaced from each other. After a period 

of use of about three weeks this 'drift' disappeared. 

This variation seems to be characteristic of all new 

thermistors and has been associated with an aging process 

undergone by the thermistor. Nevertheless, even after 

the calibration remained essentially constant, to insure 

correct calibration, the thermistor was immediately cal- 

ibrated after a series of exposures. 

The thermistor was usually mounted so that it was 

in the center of the light beam and colinear with the 

parallel light beam directly above the crystal. 
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A photograph showing the high pressure cell in 

position in the optical path and the electronic instru- 

mentation is shown in Figures 11 and 12. 

The Comparator and Interval Measurement on the Plate 

The distances between two points on the exposures 

were made with a traveling microscope having a magnifi- 

cation of ten. The movement of the eyepiece was con- 

trolled with a micrometer drive which was marked off to 

0.01 mm. It had no provision for standardizing the 

direction of travel with the line joining the two points 

under question. 



Enlargement of high pressure cell in position in optical path. 
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Figure 12. Photograph of whole system. 

.r 
v 

r 
l 

X MSaia[ï 

I f 

CD 



82 

EXPERIMENTAL RESULTS 

In order to gain some familiarity with the effect 

of light diffraction by an ultrasonic field, it was felt 

worthwhile to initiate experimentation by observing the 

effect for a liquid. For this purpose it was found con- 

venient to use the Heathkit transmitter in conjunction 

with a quartz crystal having a fundamental frequency of 

7.1 megacycles per second. The liquid used was technical 

grade xylene containing all three isomers. One reason 

for selecting xylene lay in the fact that it has an index 

of refraction approximately equal to that of glass. The 

low pressure gas cell was used for this experiment. 

Upon activation of the quartz crystal transducer, 

diffraction effects were easily seen and photographed. 

Using white light, several orders of the different wave- 

lengths contained in mercury light could be readily dis- 

tinguished. An approximate calculation of the velocity 

from the measured line spacings was in good agreement 

with the reported value. Visual inspection of the dif- 

fraction pattern from xylene showed that the image would 

lose definition and intensity as the time of activation 

of the quartz crystal increased. Although no cavitation 

appeared in the xylene, movement of the xylene surface 

was clearly evident. These observations could be 
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interpreted as a consequence of delivering too much power 

to the crystal. The power delivered to the crystal could 

be attenuated by reducing the input ac voltage to the 

Heathkit transmitter and also by tuning the transmitter 

to a lower plate current in the final output tube. 

It seems important to point out that the frequency 

of the transmitted carrier wave could be controlled in 

the transmitter by the common control crystal method or 

by connecting a variable frequency oscillator (VFO) to 

the transmitter. Even though it was possible to see a 

diffraction pattern using either method of control, it 

was found that the 7.1 me sec -1 transducer crystal could 

be activated by setting the VFO to any frequency. The 

notion to be conveyed here is the ease with which the 

crystal could be activated in a liquid to produce light 

diffraction. 

Having gained this much experience, the next step 

was to remove the xylene from the low pressure gas cell 

and repeat the procedure in air at one atmosphere pres- 

sure using the 7.1 me sec -1 crystal. 

Such a venture was almost fruitless with the only 

positive result being that the activation of the quartz 

crystal could be measured in terms of a temperature 

measurement. The temperature measurement was carried 

out by placing a thermistor above the crystal and 



84 

monitoring the thermistor current. That such a temper- 

ature change indicated ultrasonic field intensity could 

be verified by noting that setting the VFO at a distant 

frequency from that of 7.1 me sec 
-1 
-1, no perceptible 

change in thermistor current could be seen whenever the 

transmitter was energized. This distant frequency was 

easily half a megacycle per second from that setting of 

the VFO which resulted in a maximum heating effect. 

It was the latter observation which seemed to il- 

lustrate that the resonance peak of the crystal, i.e., 

the peak obtained by plotting the sound intensity pro- 

duced by the crystal as a function of applied frequency, 

was extremely sharp in air at one atmosphere. Hayess 

and Winde (19, p. 201 -202) have studied this effect as 

a function of pressure, and they have indicated the 

same conclusion. 

Besides the fact that the transducer crystal 

possessed a very high selectivity for its fundamental 

frequency, the suspicion arose that using a 7.1 me sec -1 

frequency at one atmosphere the absorption of ultrasound 

in air was so high as to render more difficult any 

possibility of observing diffraction. For this reason 

it was considered advisable to work with a crystal having 

a fundamental frequency of 1 me sec 
-1 
-1. 
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For the evaluation of the relative probability 

with which a diffraction effect may occur at a particular 

frequency, reference is made to David's formulation. In 

his formula derived for the symmetrical case, it is eas- 

ily shown that the diffracted light intensity varied in- 

versely as the square of the ultrasonic frequency. In 

addition, the absorption of ultrasonic energy reduced 

the effective value of E occurring in his formula. 

The reduction is through the factor exp( -az) which a 

is the absorption coefficient and z is the perpendi- 

cular distance between a point in the ultrasonic field 

and the source of ultrasound. Thus the ratio of the 

diffracted intensities of two frequencies, fl and f2, 

is given by 

(Il )f 
' 1 

/ (I04. )2 
' 

= (f2/f1)2 x (exp Fa, -a} 
L 1 2 2 

z). 

In the case of air, Herzfeld and Litovitz (21, 

p. 240) give 

a = 16.8 x 10-14 
-14 

f2 
2 

cm-1. 
-1 

Assuming that the constant of proportionality between 

a and f2 2 does not change appreciably within the fre- 

quencies concerned, viz., 1 mc and 7 mc, then 

f22. 
- 

f22)z] exp [- (eci,1 - a ) z] [- 16.8 x 10-14 

2 

2 
= exp 

1 

- 
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Therefore letting fl = 1 mc, f2 = 7 mc and z = 1.5 cm, 

(1 
(I1)1 

) 
mc/(I1)7 

/(I ) 
mc 

. 2401 exp(12.09) 

Clearly, from the standpoint of available intensity of 

diffraction, there existed a decided advantage in experi- 

menting with a one megacycle crystal. 

The Heathkit was modified so as to be used to 

activate the third harmonic of the one megacycle crystal. 

The results with this combination were similar to those 

obtained with the 7.1 megacycle crystal. No diffraction 

could be seen in air but it was relatively easy to obtain 

diffraction using xylene. 

These results of not being able to observe dif- 

fraction in air indicated that attention should be 

focused on the possibility of an impedance mismatch be- 

tween transmitter and transducer crystal. 

In order to consider this particular aspect, it 

became necessary to build a transmitter to be used for 

activation of the one megacycle crystal. One such trans- 

mitter is the crystal controlled Pierce oscillator out- 

lined in Figure 4. Using the coupling system as 

described in the previous section and a control crystal 

having a labeled frequency of 999.5 kilocycles per 

second, it became possible to observe the minus and plus 

one orders in air at one atmosphere pressure. 
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Due to the restrictions on the fierce type oscil- 

lator that (1) its frequency was limited to that of the 

control crystal and (2) that the voltage is restricted 

so as not to overactivate the control crystal, it beacme 

necessary to build the Hartley type oscillator described 

in the previous section and outlined in Figure 5. None- 

theless, the Pierce type transmitter showed that the 

carrier wave frequency could be acequately controlled 

with a crystal to the extent that any frequency drift of 

the transducer crystal due to temperature variation in 

being activated was not severe enough to prevent main- 

taining the ultrasonic field long enough to make an ex- 

posure. In addition, this result indicated that the plus 

and minus orders could be readily seen in air at one 

atmosphere pressure with at least 180 ac volts on the 

crystal with the indicated optical arrangement, This 

arrangement included the use of the lower power lamp, 

the Ai-2 lamp. 

The Hartley oscillator did not require any 

additional coupling network to match impedances. Instead 

it was found that having the crystal connected to this 

oscillator as shown in Figure 5, a very good match 

existed. With this arrangement, an ac voltage of approx- 

imately 200 was required to see the plus and minus first 

order in air using the 250 watt AH -2 lamp. Replacing 
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this lamp with the 400 watt H400 -E1T, it was possible to 

observe the second order spectrum with ease. 

Procedure 

In the process of obtaining results which were to 

serve as the ultimate criteria for evaluating the use- 

fulness of the method, several details in the procedure 

required considerable attention. Most of these details 

were concerned with increasing the reproducibility of 

measurement. Some of these, however, also involved the 

accuracy of measurement. 

There occurred three important items which affected 

the reproducibility of the measurement of the spacing, b, 

between lines in the diffraction spectrum. hn obvious 

one was the selection of a suitable photographic emul- 

sion. Of the five types of emulsions tested, Kodak's 

types I -G, III -G, 103 -G, 103a and SA -1, type III -G 

emulsion afforded the best possibility for attaining 

good precision in measurement of the distance between 

lines. For visual reproduction the 103a -G emulsions gave 

the best results. It was also found that backed emul- 

sions were to be preferred over the unbacked. 

Another factor which affected the reproducibility 

of measurement was the positioning of the photographed 

image under the field of view of the comparator. For an 

r' 

r 
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absolute measurement it was required that the measurement 

of the distance between lines be made along the perpen- 

dicular of these lines. Even if the edges of the plates 

had been parallel to the line of travel of the eyepiece, 

because of the homemade type of plate holder used, there 

remained no assurance that the lines in the photographed 

diffraction image would have been perpendicular to two 

edges of the plate. The elimination of this deficiency 

was accomplished by using the plus and minus first order 

diffraction produced by a Ronchi ruling. The diffraction 

lines from the ruling, which had a nominal value of 175 

lines per inch, were placed on the plate by making an 

additional exposure of the diffraction produced by the 

ruling on each ultrasonic diffraction pattern; a require- 

ment which was easily fulfilled. In this way, it was 

merely the ratio of the distances between ultrasonic 

diffraction lines and that of the Ronchi ruling which 

had to be considered. To obtain the sound wavelength, 

A, it was necessary to multiply the inverse of this 

ratio with the Ronchi ruling constant. This constant 

was determined on the same comparator which was used to 

measure the distances between lines in the diffraction 

images. 

The ruling constant is indicated as d in the 

data presented and the associated diffraction spacing 

- 
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between the first orders is designated as b'. The value 

d seen in the data may vary and is attributed to differ- 

ent comparators used in obtaining the data. 

The preliminary procedure in obtaining a suitable 

image for determination of velocity required the removal 

of the gas cell from the optical system because (1) the 

evacuation and filling system was too remote and (2) the 

Ronchi ruling had to be placed in the optical path to 

obtain the second exposure. Such a procedure was found 

to affect the reproducibility of the results; conse- 

quently, a modification was made to each of the gas cells 

to accomodate the ruling in the optical path without 

having to change the position of the cell. This was 

accomplished by mounting a holder for the ruling on the 

cell. Although this required moving the ruling in and 

out, the manner of mount insured consistent orientation 

of the ruling. In addition a system for evacuation and 

filling purposes was constructed in the proximity of the 

cell so as not to require its removal from the optical 

system. 

For a given wavelength of light, it was found that 

G', the distance between the first orders of the Ronchi 

ruling diffraction pattern, took on a distinctly differ- 

ent value after the lenses were coated which happened to 

be the case after the preliminary data indicated that 

- 
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having the lenses coated would be a decided improvement. 

The difference in focal length was not attributed to the 

coating as such but rather to the change in spacing be- 

tween the elements of the lenses which was necessitated 

to prevent damage to the surfaces of the lenses. 

In monitoring the vibration frequency of the 

quartz transducer, at least three distinct regions of 

frequencies were noted for the one megacycle per second 

crystals. The two different values found below 1000 kc 

sec -1 were attributed to the slightly higher damping on 

the crystal on two separate occasions. This difference 

in damping occurred as a consequence of touching up areas 

of the silver plated crystal surface with silver paint or 

by using the crystal in either of the two types of mounts 

described in the previous section. In general the 

freshly silver plated quartz crystal vibrated at a higher 

frequency and required less rf voltage for observation of 

diffraction in any of the gaseous media studied. Values 

of sound frequencies over -1 1000 kc sec were possible 

through the ability of the quartz crystal to vibrate in 

a resonance or anti- resonance frequency (7, p. 349, 389). 

It was found that when the crystal vibrated in the lower 

of the two frequencies, the resonance frequency, a higher 

intensity in the diffraction pattern was apparent. 

An interesting observation made when using the 

- 

' 

. 
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high pressure cell filled with nitrogen under one atmos- 

phere was that as the tuning was changed to produce a 

more intense first order diffraction, the plus and minus 

first orders increased in intensity as usually observed. 

At a particular point in the tuning the intensity of the 

first orders abruptly decreased but the second order 

diffraction appeared and both orders, first and second, 

seemed to have equal intensity, but lower intensity than 

that of the first orders by themselves. 

Other qualitative observations made suggested that 

the intensity of the ultrasonic diffraction lines was 

greater for those associated with the 4358 A Hg line over 

those associated with the 5461 A line. 

It was also observed that the intensity of the 

diffraction pattern formed by ultrasound in ammonia was 

the greatest of any of the gases investigated. The least 

intense pattern was, without doubt, that associated with 

Freon -12. Otherwise the magnitude of this property de- 

creased in the order of nitrogen, air, argon, nitrous 

oxide and sulfur dioxide, with the definite break occur- 

ring between argon and nitrous oxide. 

In measuring the distances between the two sets 

of plus and minus first orders, one set due to the 

ultrasonic diffracted light and the other to the Ronchi 

ruling, indicated an asymmetry in the different spacings. 
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In general the spacing between both minus orders and the 

spacing between both plus orders were not equal. In the 

final stages of this work, the difference in these 

spacings were measured and found to be as large as 

0.25 mm for nitrous oxide and no greater than 0.18 mm 

for nitrogen at the same elevation of the slit. No 

correlation between the spacings difference and accuracy 

or precision of velocity measurements could be 

acertained. However, it appeared that as the symmetry 

in spacing improved, so did the intensity distribution 

between the plus and minus first orders of the dif- 

fraction pattern produced by the ultrasonic field. 

In analyzing the recordings of the temperature 

variation during the time involved in tuning the trans- 

mitter to yield an optimum diffraction pattern and the 

photographing of the pattern, it was noted that as the 

tuning of the transmitter approached that frequency re- 

sulting in the optimum image from the standpoint of in- 

tensity, the temperature would slowly rise, accelerating 

as the optimum condition was reached. The time required 

for this process of tuning and photographing was about 

100 sec, the exposure time rarely amounting to 10,, of 

this value. 

The temperature of the gas during an exposure was 

taken at a point in the recording corresponding to the 
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moment the shutter was snapped. The temperature changes 

were more severe with gases under low pressures than with 

gases at higher pressures. Typical temperature changes 

are tabulated in Table 1. 

Table 1 

Observed Typical Temperature 
Variations 

Gas Pressure Voltage Tf - Ti = QT(°C) 

N20 10 atm 180 rf 26.4 - 25.9 = 0.5 
1 atm 260 rf 26.9 - 24.6 = 2.3 
1 atm 350 B+ 24.5 - 21.6 = 2.9 
.4 atm 400 B+ 29.7 - 23.1 = 6.6 

2 
10 atm 
1 atm 

9.8 rf 
125 rf 

no change 
24.6 - 23.9 = 0.7 

Ar 1 atm 110 B+ 25.4 - 24.6 = 0.8 
.4 atm 300 B+ 28.4 - 25.3 = 3.1 

In Table 1, Tf and Ti indicate final and initial tem- 

peratures, respectively, while AT is the temperature 

change. The temperature change during the period of 

exposure may safely be assumed to have been less than 

1 /10 of the ¿T's reported above. 

Photographs of diffraction spectra produced 

by an ultrasonic field in those gases studied in this 

work are shown in Figures 13, 14 and 15. The photo- 

graphs are approximately ten -fold enlargements of the 

r. 
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Figure 13. Light diffraction by an ultrasonic field 
in sulfur dioxide. 
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_14358,3) _{ 5791-5770(2) 
5461(2) 

._.. 4358(2) 
5791-5770(1) 
5461(1) 

4358(I) 

P =6765 mm t= I/5 sec 
f =996.3 kc /sec 103 -G plate 

E=700 volts 8+ 

P= 611.0 mm t= 1/2 sec 
f= 991.3 kc /sec 103a -G plate 

E =400 volts 8+ 

P =153.0 mm t=1/2 sec 
t= 996.8 /sec kc I03o- G plate 

E =400 volts B+ 
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Figure 14. Light diffraction by an ultrasonic field 
in ammonia. 
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ARGON 

P=792.0 mm t =1 sec 
f= 996.2 kc /sec iii-G plate 

E=110 volts B+ 

NITROGEN 

P= 7770 mm t= I/2 sec 
f = 994.4 kc/sec 111-G plate 

E =600 volts B+ 

5461 RR 

5461 

5461 RR 

5461 

NITROUS OXIDE 

5461 RR 

5461 

P =609.5 rnm t =3 sec 
f =995-1 kc /sec 111-G plate 

E = 400 volts B+ 

Figure 15. Light diffraction by an ultrasonic field in 
three different gases. 
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originally photographed diffraction spectra. 

In all the exposures shown, the outermost lines 

from the center on each side are from diffraction by the 

Ronchi ruling and are so indicated by labeling the line 

with letters RR. These photographs are only representa- 

tive of the results obtained in this work since the 

quality desired in the exposure for display purposes was 

not the same quality needed for the optimum precision in 

measuring distance intervals. The reason for this lay 

in the larger line breath necessary for visualization of 

the diffraction image without a microscope. For example, 

the breath of the Ronchi ruling line in the lower photo- 

graph of Figure 13 was already too great to determine 

its center with good precision. 

The large voltages indicated on the figures are 

not to be considered as necessary for attaining good 

precision in the distance interval measurements. 

Figure 13 shows the diffraction spectra obtained 

using sulfur dioxide. The zero order has been partially 

blocked out with a crude mask, the purpose being to en- 

hance the appearance of the diffraction lines and to 

prevent halation of the film by the more intense zero 

order. In this figure the top photograph was obtained 

using white light while the bottom photograph made use 

of the green line only. In the photograph associated 
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with white light, the double line due to green and yellow 

light was easily resolved under the comparator and is 

barely resolvable with the unaided eye. 

Figure 14 are images of the diffraction associated 

with ammonia. The top photograph illustrates the greater 

intensity of the diffraction spectra associated with the 

4358 A line; whereas two orders of the green line can be 

seen on each side of the zero order, three orders of the 

4358 A line can be seen. Reference to the top photo- 

graph in Figure 13 of sulfur dioxide also shows a similar 

result with respect to the intensities. 

The photograph in the center of Figure 14 serves 

to show the greater magnitude of the intensity of dif- 

fraction due to ammonia and is to be compared with the 

lower photograph of Figure 13. The lower photograph in 

Figure 14 shows the relative intensity of the diffraction 

produced by ammonia at 0.2 atmosphere pressure, a pres- 

sure at which even in the case of nitrogen difficulty 

was encountered. 

Figure 15 shows results obtained for those gases 

used in obtaining the final results. The two calibration 

gases were argon and nitrogen while the gas under study 

was nitrous oxide. In general, diffraction using nitro- 

gen was slightly easier to photograph than argon, but of 

the three diffraction spectra shown in this figure, 
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diffraction by nitrous oxide was the most difficult. 

When mentioning difficulty in reference to photographing 

diffraction spectra, it is meant that a higher voltage 

was required to obtain a diffraction image of sufficient 

intensity to be visually discernible. 

Structure unassigned in the photographs of 

Figures 13, 14 and 15 are attributed to reflection 

effects and to Fraunhofer diffraction. 

Asymmetry in the line intensities is present in 

these photographs and is attributed to those reasons 

given by Korff (33, p. 708 -720). This asymmetry is best 

shown by the nitrogen diffraction spectra shown in 

Figure 15. Attention is called to the broader appear- 

ance of the lines associated with the heavier gases, SO2 

and N20. The diffraction lines associated with argon 

or ammonia were definitely sharper than those with 

nitrous oxide. 

Preliminary Results 

1. For sulfur dioxide, SO2. The source of this 

gas was Charg -a -Cans available from the American Potash 

and Chemical Company. The purity indicated on the can 

was very close to 99.97 %. Observation of the diffraction 

pattern produced by this gas was difficult below pres- 

sures of 600 mm without possibly using a voltage which 
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could harm the transducer crystal. The diffraction 

pattern by sulfur dioxide was studied using only the 

less efficient transducer mount. The exposures which 

were obtained for this gas were with a B+ voltage of 400 

to 500. The values obtained in the neighborhood of a 

frequency of one megacycle per second and a pressure of 

one atmosphere, ranged from 218.2 to 221.0 m sec -1, and 

are to be compared to a value obtained from the investi- 

gations of Petralia (43) of 220.5 m sec -1. The values 

obtained in this work were corrected to 25 °C without any 

correction for non -ideality. The average distance be- 

tween the first order diffraction for the green line was 

3.00 mm and 2.38 mm for the blue line. The values of 

3C2 were obtained before the cell position had been made 

permanent. 

2. Freon -12, dichlorodifluoromethane, CC12F2.. 

This substance was also obtained in the Charg-a -Cans. 

It was appreciably more difficult to observe diffraction 

by this gas than by 002. Although the plus and minus 

first orders were seen convincingly with a B+ voltage 

of 700 and at one atmosphere pressure, no attempt to 

photograph a diffraction pattern was made because of the 

high voltage required. 

3. Ammonia, NH3. This gas was obtained from a 

cylinder secured from Pennsalt Corporation in 1954 and 
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whose purity remained unknown. Observation of diffrac- 

tion by this gas showed it to produce the most intense 

diffraction pattern for a given voltage than any other 

gas studied. Using one atmosphere pressure, once the 

diffraction pattern was obtained with approximately 125 

volts rf on the crystal, it was possible to retain a 

good image down to 23 volts rf. In this case the second 

order diffraction spectrum could be observed with 60 

volts rf and the third order with 110 volts rf. It be- 

came possible to photograph the first order diffraction 

using ammonia under a pressure of 0.2 atmosphere employ- 

ing 200 volts rf. 

The results of a series of exposures using the 

low pressure cell and ammonia pressures of one to 0.4 

atmosphere gave an average result for the sound velocity 

of 430.4 m sec -1. Here again no correction was made for 

non -ideality and the observed velocities were corrected 

to 300 °K. The theoretical values for the limiting 

velocities give: U0 = 439.2 and U00 = 441.9 m sec -1. 

These calculated values are for 300 °K. 

The green line was predominantly employed with 

ammonia since using the blue line resulted in having 

diffraction lines too close to the zero order. The 

measured spacing between the first order spectrum due 

to the green line was about 1.45 mm, nearly half that 
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found for sulfur dioxide. 

4. Nitrogen, N2. This gas was investigated 

principally for calibration purposes. Results obtained 

with nitrogen showed several interesting features. 

One of these features indicated that the spacings 

between the second orders and that between the first 

orders were not simply related by an integer as the 

grating equation predicts. In general, conclusions de- 

rived from this and similar experiments indicated that 

the spacing associated with the second order was slightly 

smaller than that associated with the first order. With 

a 900 volt B+ only orders up to and including the third 

were photographed. Actually in the best alignment 

possible five and perhaps six orders could be seen with 

this voltage using green light. 

Another interesting result was obtained by inves- 

tigating the sound velocity of nitrogen as a function of 

rf voltage on the crystal while the pressure remained 

constant. The results are shown in Table 2 and plotted 

in Figure 16. Only the first orders were analyzed for 

this correlation. 

In Table 2, the first column is the exposure 

number and is so designated by e.n., the second column 

is the ratio of the distance between the first order 

diffraction of the Ronchi ruling, c, , and the diffraction 



Table 2 

Idealized Sound Velocity Values of Nitrogen 
at Constant Pressure and Variable rf Voltage 

e.n. 1 f 

(mm x 10-3) (kc/sec) 

UT T 

(m/sec) °K 

2 
Úi300 °K 

(m2 /sec2 x 104) 

V2 

(volts2) 

1 2.3946 + 354.26 996.9 353.17 299.16 12.4731 2,116 
0.0036 + 0.67 + 0.67 0.0374 

2 2.3916 + 353.81 996.5 352.58 298.86 12.4309 ± 9,604 
0.0022 ± 0.53 ± 0.53 0.0261 

3 2.3920 + 353.87 996.7 352.70 298.80 12.4398 ± 20,449 
0.0029 + 0.60 + 0.60 0.0299 

4 2.3978 + 354.73 996.6 353.51 298.86 12.4966 ± 36,864 
0.0019 + 0.50 ± 0.50 0.0250 

5 2.4074 ± 356.15 996.7 354.96 298.91 12.5995 ± 52,900 
0.0010 + 0.46 + 0.46 0.0227 

theory 12.4616 

P = 1.019 atm 
series 2151n 
d = 0.14794 + 0.00018 mm 

b'/b ' 

+ 

- 
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due to the ultrasonic field, b; the third column is the 

ultrasonic wavelength, A, found by multiplying the 

corresponding values of column 2 by the ruling constant, 

d; column 4 lists the frequency; the observed velocity 

at the temperature assigned to the experiment is listed 

in column 5 as UT; column 6 lists the temperature of the 

experiment; column 7 lists the square of the velocity 

corrected for non -ideality and temperature to 300 °K, and 

in the last column is listed the square of the rf volt- 

age. The maximum error in precision for this series is 

0.19/,. The deviations listed in this table are standard 

deviations. 

The curve in Figure 16 has been extrapolated to 

zero voltage and has incorporated the theoretical value 

of the sound velocity for nitrogen at this point. The 

points plotted include the standard deviation values. 

In absence of any voltage reference, the values reported 

by Boyer (5), Deshpande (11) and Lewis (39, p. 75), all 

obtained by the interferometric method, are shown close 

to zero voltage for convenience. The values assigned 

for each author's work were corrected for the temperature 

but not for gas non -ideality. 

The set of data used to obtain the curve of Figure 

16 was obtained by keeping fixed the position of the cell 

within the optical system. This condition was found 

1 
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necessary since the data obtained by removing the cell 

after each exposure gave a random behavior when corre- 

lated to obtain a similar curve. 

/mother experiment performed with nitrogen in- 

volved observing the effect on the velocity of ultra- 

sound in the gas as the pressure was decreased and the 

rf voltage on the transducer crystal remained relatively 

constant. 

Three exposures were made each at a different 

pressure using voltages which centered about 64 volts rf 

and which were all within 6 volts of each other. The 

fourth exposure using a pressure of approximately 0.6 

atmosphere required using 115 volts rf on the crystal 

which according to Figure 13 would not produce too high 

a deviation at one atmosphere pressure; however, this 

fact is to be applied with caution when dealing with a 

different pressure. 

The results of this experiment are shown in Table 

3, and illustrate that as the initial pressure is de- 

creased the velocity is decreased. The identity of the 

columns is as before; however, in this table the last 

column indicates the pressure, P. The results shown here 

were obtained concurrently with those previously reported 

for ammonia. The comparison of these sets of results 

afford a good illustration of the optical method at low 

¡; 



Table 3 

Observed Sound Velocity of Nitrogen 
at Constant rf Voltage and Variable Pressure 

e.n. b'/b f 
(mm x 10-3) (kc/sec) 

UT 

(m/sec) 

T 

°K 

2 
Ui 300°K 

(m2/sec2 x 104 (atm) 

1 2.3644 349.08 1002.0 349.78 296.36 12.3848 1.032 
+ 0.0026 + 0.42 + 0.46 + 0.0210 

3 2.3643 349.07 1000.2 349.14 296.81 12.3218 0.855 
+ 0.0014 + 0.28 + 0.28 ± 0.0136 

4 2.3653 349.21 1000.0 349.21 12.3244 0.709 
+ 0.0024 + 0.38 + 0.38 + 0.0197 

5 2.3665 349.39 996.9 348.31 297.01 12.2548 0.589 
± 0.0021 + 0.35 + 0.35 + 0.0184 

d = 0.14764 + 0.00007 mm 
series 2231n 
V: e.n. 1, 3 and 4; 64 + 6 volts 

e.n. 5; 115 volts 

P 
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pressures. The nitrogen result is lower than the theo- 

retical value by about 0.5% while that of ammonia was 

found to be lower by 2.5. 

Final Results 

Analysis of the preliminary results indicated that 

the precision of velocity measurements was at worst 0.20/0 

using the standard deviation, the average standard devi- 

ation error being approximately 0.15/0. This result plus 

the fact that the available range of frequency -pressure 

ratios in this work were in the neighborhood of one 

served to choose the nitrous oxide system as one for 

which velocity dispersion effects could be determined 

employing this optical method. Two works (58, p. 1 -24; 

25) indicated that the maximum in the velocity dispersion 

occurred in the f/p values accessible with the experi- 

mental conditions employed here; in addition, they con- 

firmed the fact that the velocity dispersion amounts to 

13.1 m /sec at 300 °K or about 4.9, of the lower velocity, 

a value of 25 times greater than the maximum precision 

error found in the preliminary results with nitrogen. 

The reported purity of the nitrous oxide obtained 

for this work, obtained from the Ohio Chemical Pacific 

Company, was 99.3%. 

. 

V 
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The first results obtained with this gas were 

similar to those of sulfur dioxide insofar that compared 

to ammonia and nitrogen a higher voltage was required to 

observe diffraction using N20 and S02. The high pres- 

sure cell was used to complete the known dispersive 

region of f/p values. The low pressure cell was employed 

to obtain velocity data for the higher values of f/p 

although the entire region covered with both cells could 

have been covered by the high pressure cell. 

Diffraction patterns of some known non -dispersive 

gas were analyzed concurrently with nitrous oxide for 

calibration purposes. In the low pressure cell, argon 

was used; in the high pressure cell, nitrogen. Both 

gases were obtained from Matheson. The pre -purified 

nitrogen was reported to have a minimum purity of 99.996% 

and argon 99.998, . Only the first order spectra were 

evaluated for determining precise values of velocity but 

second order spectra obtained only with nitrogen was 

also evaluated. The latter was done to point out the 

revelant feature that in the usual case the interval be- 

tween second orders was not equal to the first order in- 

terval. 

The values obtained for argon and nitrous oxide 

are shown in Tables 4 and 5, respectively. The exposure 



Table 4 

Experimentally Determined Velocity of Argon 

e.n. 26(mm) 2 c' (mm) A(mm) f T UT 
UR 300 °K V 

x103 kc sec -1 atm °K m sec -1 m sec -1 B+ volts 

5 1.944 4.240 323.55 996.2 1.042 298.66 322.32 323.03 110 
+ .0007 + .002 + .19 

4 1.949 4.247 323.26 996.6 0.808 299.04 322.16 322.68 200 
± .001 ± .003 ± .29 

3 1.942 4.244 324.14 996.2 0.600 299.87 322.91 322.98 250 
+ .001 + .001 + .16 

2 1.932 4.247 326.07 996.7 0.400 301.42 324.99 324.28 
1 

300 
+ .001 + .001 + .16 

theory 322.61 

series 361n 
d = 0.14835 mm 

P 



Table 5 

Observed Velocity of N20 

using Low Pressure Cell 

en b (mm) (mm) f 

kc sec -1 

P Ax 103 T UT V f/p 

atm (mm) °K m sec -1 B+ volts me atm l 

5 1.1192 2.1107 996.2 1.033 278.43 297.58 277.38 350 0.9644 
+ .0008 + .0008 

4 1.1193 2.1104 996.0 1.034 278.38 298.58 277.26 400 0.9632 
+ .0016 + .0006 

3 1.1185 2.1142 995.1 0.802 279.07 298.88 277.70 400 1.241 
+ .0004 + .0008 

2 1.1202 2.1099 994.9 0.599 278.08 299.35 276.66 400 1.661 
+ .0004 + .0009 

1 1.1036 2.1046 996.2 0.395 281.55 301.51 280.48 400 2.522 
+ .0008 + .0016 

series 351n 
d = 0.14764 mm 

b'' 

- 

iv 
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times used to photograph the diffraction patterns with 

argon were all one second. In the case of nitrous oxide, 

all exposure times were three seconds except for one 

which was four seconds. All the final results were ob- 

tained by using type III -G plates, and the green Hg line. 

An experiment similar to the one made with argon 

and nitrous oxide in the low pressure cell was performed 

with nitrogen and nitrous oxide using the high pressure 

cell. For each gas, the pressure region covered was from 

one to ten atmospheres. The data for nitrogen are shown 

in Table 6 and that for nitrous oxide in Table 7. 

For nitrogen all exposure times were Y2 second. 

Exposures 41511 and 41512 were singled out for observing 

the larger velocity values obtained from the second 

order spectrum. Exposure times used with nitrous oxide 

were one second for five of the lowest pressure values, 

exposures 41524 to 41529. One second exposures were 

used for the other three pressures. 

With regard to corrections for non-ideality of 

the gases, it is pointed out in Appendix 1 that the 

corrections for argon at the pressures used are within 

experimental error. However, the gas non -ideality cor- 

rections for nitrogen above pressures of two atmospheres 

and for nitrous oxide at all pressures used were con- 

sidered. 



Table 6 

Observed Velocity of Nitrogen using the High Pressure Cell 

e.n. 26 (mm) 26' (mm) Ax 103 
mm 

f 

kc sec -1 

P 

atm 

T 

°K 

UT V f/p 

m sec -1 ac volts me atm -1 

3 1.795 4.228 349.27 1001.4 10.32 297.65 349.76 9.8 0.0972 
+ 0.001 + 0.002 .12% 

4 1.786 4.232 351.50 997.0 7.63 297.55 350.45 14 0.1312 
+ 0.003 + 0.002 .19% 

5 1.788 4.229 350.75 996.9 5.28 297.45 349.66 27 0.1881 
+ 0.001 + 0.001 .11% 

6 Ratio: 351.05 996.8 4.20 297.34 349.93 40 0.2373 
2.367 + 0.004 = í' /o .19% 

7 1.785 4.230 351.50 996.8 2.63 297.37 350.38 56 0.3834 
+ 0.003 + 0.001 .19% 

8 1.786 4.231 351.35 996.7 1.75 297.41 350.19 87 0.5695 + 0.001 + 0.001 .11% 

9 1.791 4.229 350.16 996.7 1 297.52 349.00 125 0.9967 
+ 0.003 + 0.003 .20% 

la* 3.526 4.229 355.80 996.4 9.74 298.16 354.52 105 0.1027 
+ 01002 + 0.001 .11% 

. 

H 
F 



Table 6 - Cont. 

e.n. 2b (mm) (mm) 

lb** 5.285 4.229 
+ 0.004 + 0.001 

2+ 3.525 4.235 
± 0.003 + 0.002 

series 4151n 

Ax 103 f P T UT V f/p 

mm kc sec -1 atm °K m sec -1 ac volts me atm -1 

356.09 

356.39 

996.4 9.74 298.16 354.81 105 0.1027 
.12/ 

996.7 9.84 297.87 355.21 63 0.1017 
.13% 

d = 0.14831 mm + 0.00014; 0.094 
* 
26 

+2,-2 
** 2b 

+3, -3 

2v +2, -2 

2b' 

+ 



Table 7 

Observed Velocity of Nitrous Oxide; 1 to 10 atmospheres 

e.n. 2i (mm) 26' (mm) Ax 103 
mm 

f 

kc sec 

Y 

atm 

T 

°K 

UT 

m sec -1 

V 

ac volts 

f/p 

me atm -1 

1 2.408 4.228 260.43 996.8 10.28 299.52 +.29 58 0.0974 
+ 0.001 + 0.002 259.60 

2 2.429 4.234 258.50 1002.0 10.28 300.03 

.11% 

+.41 180 0.0980 
+ 0.003 + 0.002 259.02 

.16 /n 

3 2.363 4.226 265.18 995.8 7.62 299.98 +.53 187 0.1307 
+ 0.003 + 0.005 264.07 

.20% 

4 2.353 4.231 266.66 996.5 5.31 300.07 +.37 187 0.1877 
+ 0.002 + 0.003 265.73 

.14% 

5 2.371 4.230 264.58 996.6 4.42 300.38 ±.53 180 0.2255 
+ 0.004 + 0.002 263.68 

.20% 

7 2.281 4.236 275.41 996.6 1.77 300.41 + .41 180 0.5630 
+ 0.002 + 0.003 274.47 

.15ió 

- 

- - 

_ 

-1 

. 

- 

m 



Table 7 - Cont. 

e.n. 26 (mm) 2b' (mm) Ax 103 
mm kc sec -1 atm °K 

UT V f/p 
m sec -1 ac volts me atm -1 

8 2.263 4.230 277.19 996.5 1 300.87 +.30 260 0.9965 
+ 0.001 + 0.002 276.22 

.11ió 

series 4152n 
d = 0.14831 mm + 0.00014, .09% 

f P T 
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The effect of these corrections on the observed 

velocities for nitrogen and nitrous oxide is illustrated 

in Tables 8 and 9. The correction factors are discussed 

in Appendix 1. 

In Tables 8 and 9, the values under the column Ur 

are the average values of the observed velocities and 

are indicated for comparison. In Table 9 the values 

associated with Ui are those values still uncorrected 

for the calibration factor. Velocity values associated 

with U. are the final corrected idealized values. 
i 

Whereas the calibration of the low pressure cell 

indicated no necessity for a correction factor as evi- 

denced by the values obtained for argon, using the high . 

pressure cell necessitated a correction factor of 1.0066 

in order to raise the observed idealized velocity value 

to that predicted by theory for nitrogen. is has been 

stated earlier, the three velocity values not used in 

the averaging process in the nitrogen velocity have been 

excluded for a particular reason. The values for the 

velocity of nitrous oxide in the last column of Table 9 

have been multiplied by the correction factor 1.0066. 

The theoretically calculated limiting velocity 

values for nitrous oxide at 300 °K are: Uo = 268.57 and 

Uoo = 281.65 m sec -1. The necessary information for their 

calculation has been presented in Appendix 1. 
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Table 8 

Idealized Nitrogen Velocities 

e.n. Ur 

(m/sec) 

Ui 0 
(m/sec) 

f/P 

(Mc/atm) 

41519 349.00 350.28 + 0.70 0.997 

41518 350.19 351.43 + 0.39 0.570 

41517 350.38 351.53 + 0.67 0.383 

41516 349.93 350.78 + 0.67 0.237 

41515 349.66 350.38 + 0.39 0.188 

41514 350.45 350.75 + 0.67 0.131 

41513 349.76 349.60 + 0.42 0.097 

average; 350.68 + 0.67 

theory; 353.01 

353.01/350.68 = 1.0066 

41512 355.21 355.78 + 0.46 0.102 

41511a 354.52 354.91 + 0.39 0.102 

41511b 354.81 355.20 + 0.43 0.101 

' 



Table 9 

Corrected Sound Velocities of Nitrous Oxide. T = 300 °K 

en Ur 

(m/sec) 

TJ i 
(m/sec) 

U! 
2 

(m/sec)2 

f/p 
(I''íc/atm) 

Ui 

(m/sec) 

U. 

(m/sec)2 

3511 280.48 2.522 280.76 +0.31 7.8826+0.0126 
3512 276.66 1.661 277.21 +0.17 7.6845+0.0062 
3513 277.70 1.241 278.26 +0.17 7.7429 +0.0062 
3514 277.26 0.963 278.09 +0.42 7.7334+0.0162 
3515 277.38 0.964 278.21 +0.22 7.7401 ± 0.0085 

41528 276.22 277.05 6 0.30 ± 0.0123 0.997 278.88 +0.31 7.7774+0.0124 
41527 274.47 275.84 +0.41 7.6088 +0.0160 0.563 277.66 +0.42 7.7095 ± 0.0162 
41525 263.68 267.11 +0.53 7.1348 +0.0200 0.225 268.87 +0.54 7.2291 +0.0202 
41524 265.73 270.25 + 0..38. 7.3035+0.0146 0.188 272.03 +0.38 7.4000 +0.0148 
41523 264.07 270.41 +0.54 7.3122 +0.0200 0.130 272.20 +0.54 7.4093 +,0..0208 

41522 259.02 267.57 +0.43 7.1594 +0.0165 0.098 269.34 +0.43 7.25'i'í 0.0167 ± 
41521 259.60 268.17+0.30 7.1915 ± 0.0115 0.097 269.94 ± 0.30 7.2868+0.0117 

Theory; Uó = 7.2130 x 104 m2/sec2 

U2 . 7.9327 x 104 m2/sec2 

vG - . 

ó 
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The experimental results obtained in this work are 

presented in Table 10 in a form useful for determining 

the value for a single vibrational relaxation time as 

determined by equation (71) of Chapter 2. 

Tables 11 and 12 summarize those results obtained 

by Walker and coworkers and Holmes and coworkers. The 

values given here for Walker's work have been determined 

by applying only the non -ideality correction factor to 

his data. The work by Walker and coworkers indicates 

that they applied a correction factor to accomodate the 

error introduced into the velocity measurements by the 

phenomenon of absorption. No such correction is included 

in the values given here. 

The data attributed here to Holmes and coworkers 

were interpolated from a curve given in their work. The 

curve was obtained from plotting the square of the 

idealized velocity values against the log of f/p. The 

work of Holmes and coworkers is given for 25 °C and has 

been corrected to 300 °K. 

The single vibrational relaxation time reported 

by Walker and coworkers for 27°C and a value of f/p of 

1 me atm -1 
-I 

was 0.92 ¡Ls (microseconds). That reported by 

Holmes and his group was 0.97 JIs at 25°C. 

The optical data obtained in this work and the 

data of the two other references are plotted in Figure 17 



Table 10 

Values of h(Ui) LI for Nitrous Oxide from Optical Data 

(f/p) 

(mc/atm) 
(f/p) 

2 

(mc/amt x 10-1)2 
Ui2 2 

(m/sec x 102)2 
Ui2 - Uo2 

(m/sec x 102)2 

2 
oo -Ui 

(m/sec x 102)2 
h(Ui) 

.097 .941 7.2868 .0738 .6459 .114 

.098 .96 7.2544 .0414 .6783 .061 

.13 1.69 .1963 .5234 .375 

.19 3.61 7.4000 .1870 .5327 .351 

.225 5.06 7.2291 .0161 .7036 .023 

.56 31.4 7.7095 .4965 .2232 2.224 

1.00 100. 7.7774 .56'I .1553 3.634- 

.96 92.2 7.7401 .5271 .1926 2.737 

.96 92.2 7.7334 .5204 .1993 2.611 

1.24 153.8 7.7429 .5299 .1898 2.792 

1.66 275.6 7.6845 .4715 .2482 1.900 

2.52 635.0 7.8826 .6696 .0501 13.37 

U2 

7.4093 

` 

N 
N 



Table 11 

Values of h(Ui) for nitrous oxide (Walker, et al.) 

(f/p) (f/02 Ui2 Ui2 - Uo2 U 
2 2 -Ui h(Ui) oo 

(mc/atm) (mc/atm x 10-1)2 (m/sec x 102)2 2)2 (m/sec x 102)2 (m/sec x 102)2 

.15 2.25 7.4038 .1908 .5289 .3607 

.30 9. 7.6439 .4309 .2888 1.492 

.30 9. 7.6549 .4419 .2778 1.591 

.50 25. 7.7976 .5846 .1351 4.327 

.60 36. 7.8325 .6195 .1002 6.183 

.60 36. 7.8340 .6210 .0987 6.292 

1.00 100. 7.8984 .6854 .0343 19.98 

1.20 144. 7.9077 .6947 .0250 27.79 

1.20 144. 7.9031 .6901 .0296 23.31 

2.00 400. 7.9228 .7098 .0099 71.70 

2.40 576. 7.9281 .7151 .0046 155.5 

4.00 1600. 7.9311 .7181 .0016 448.8 

ti w 



Table 12 

Values of h(Ui) for Nitrous Oxide (Holmes et al.) 

f/p 

(No/atm) 

(f/p)2 

c/atm x 10-1)2 

U 
(m/sec x 102)2 

Lí-'Uó 

(m/sec x 102)2 

U2 -Ui 
(m/sec x 102)2 

h(Ui) 

0.1 1 7.334 0.121 0.599 0.202 

0.2 4 7.513 0.300 0.420 0.714 

0.5 25 7.803 0.590 0.130 4.54 

1.0 100 7.899 0.686 0.034 20.2 

2.0 400 7.932 0.719 0.001 719 

5.0 2500 7.938 0.725 a/s MOP 

. 

- 

- 
. ° 

° ~ 

" 
. 

° ° : 
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in conformance with equation (70). Using the value of 

J1°7° and C(.: calculated in Appendix 1, viz., 0_(v)./C 

1.436, and expressions (68) and (71), the optical data 

yield a vibrational relaxation time, To, of 0.63 Jis 

using the value of h(Ui) corresponding to an f/p value 

of 1 me atm 1. 
-1 Similar computations for the plots 

obtained from the data of Walker and coworkers gives 

T = 0.96 'is and Holmes and coworkers data yield a 

value of 0.99 /Is for To. 

_ 

ti 
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DISCUSSION OF RESULTS 

Correlation of the physical properties of the 

several gases investigated with the ease with which it 

was possible to observe a diffraction image, gives qual- 

itative agreement with the formula as developed by David 

(9) and discussed by Korff (33, p. 708 -720) for the light 

intensity distribution in the plus and minus first orders. 

The test involved the recording of the voltage required 

on the crystal in order to produce a progressive ultra- 

sonic field of sufficient intensity which would result 

in a reasonably good image of the diffraction spectrum. 

A semi -quantitative correlation is possible assuming an 

effective path length, d, for the circular crystal which 

was used in this study. As will be recalled, Korff's 

form of David's equation for the symmetrical condition 

is given by 

I+1 277, 2(n0-1)2 d2 sin2(i7rdíl/21\2) 
l"7 ó _ p u2 A2 (i7dA/2n2)2 

where no is the index of refraction and other quantities 

having previously defined. This equation may be reduced 

by the relation 

= ó,(r/p) 

- 

U2 



to yield 

1 a (n -1)2 -- 
o 

4 217r 
I) f2 

A /2/V) 
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Assuming constant sound intensity, E, and constant 

sound and light frequency, it is seen that the amplitude 

of the intensity expression depends only on the ratio of 

the square of the sound velocity to the density multi- 

plied by (n0-1)2. 
2 

It is not necessary to consider the 

actual density but for purposes of illustration, it is 

sufficient to use the molecular weights, M, and the 

approximate sound velocities, U, of the gases involved. 

Approximate values of (n0-1) were obtained from the 

critical tables (14, p. 1 -12). These tables do not give 

a value of (n0-1) for Freon -12. The evaluation is shown 

in Table 13 where only approximate values for the quan- 

tities involved have been used. The value of d was 

taken as 3.14 cm and corresponds to the largest square 

which may be constructed in a circle of 4.45 cm diameter. 

Table 13 indicates that of the gases studied, 

sulfur dioxide should yield the most intense spectra 

which was found not to be the case. A discrepancy also 

exists for the value associated with nitrous oxide. How- 

ever, it should be pointed out that Table 13 and the ex- 

perimental results are in relative agreement with respect 

E 2 
U 

o 



Table 13 

Correlation of First Order Diffraction 
as Predicted by David's Theory 

nil N2 
2 

Ar N20 

a. U(m/sec) 440 350 320 270 220 

b. U2(104m2/sec2) 19.4 12.2 10.2 7.29 4.84 

c. ii ( g/m o l e) 17 28 40 44 64 

d. U2/M 1.1 0.44 0.26 0.17 0.08 

e. no-1(10,6) 379 298 282 510 664 

f. (n0-1) ̀-u /M 15.8 3.92 2. 08 4.42 3.53 

g. sinL(%Td A /2 A ) 0.019 0.048 0.068 0.130 0.283 

h. f x g 0.316 0.188 0.141 0.575 0.999 

SO 
2. 

, 
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to ammonia, nitrogen and argon. No explanation can be 

given for the disagreement between the intensities pre- 

dicted by the theory for nitrous oxide and sulfur di- 

oxide. However, it may be that absorption effects, which 

are predominant in these gases, may play a dominant role 

in reaching a suitable explanation. 

Diffracted light distribution in the pattern as 

observed for nitrogen where the diffracted intensity of 

the first order decreased only to result in having both 

the first and second orders appear may be explained on 

the basis of the theory developed by Raman and Nath (46, 

47, 48, 49). The point involved here is better discussed 

by them than by David and has reference to the fact that 

the intensities of all orders, including the zero order, 

are interrelated. 

In securing a useful photograph of the diffraction 

pattern, consideration is necessary as to the possibility 

of the zero order image darkening the emulsion where the 

diffraction lines appear. According to the intensity 

formula as interpreted here, if a gas is selected which 

possesses a low sound velocity such as to result in a 

larger spacing between the first orders in the dif- 

fraction spectrum, the intensity of the diffracted light 

will be less. 

However, the formula also indicates that the 
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intensity depends inversely as the fourth power of the 

light wavelength. This means that using the 4358 A Hg 

line, the intensity gain over the use of the green line 

is about 2.5. This statement is qualitatively consistent 

with the observed fact. The brillance of the lamp with 

respect to the blue and green line need be evaluated to 

reach a definite conclusion as to the validity of the 

fourth power. According to the literature available 

describing the sensitivity of the emulsion G to these 

two wavelengths (12, p. 22), it appears that the sensi- 

tivity is the same. 

The question of using a more intense ultrasonic 

field requires much consideration. The indication that 

the velocity of nitrogen varies so strongly with the 

crystal voltage as indicated in Figure 13 may suggest 

a limit in useable voltage. The velocity value found 

from the separation between the second order lines with 

nitrogen at ten atmospheres indicates that using vol- 

tages high enough to observe the second order is already 

too high. This suggestion is not consistent with the 

observation made by liayess and Winde (19, p. 201), 

namely, that the velocity of sound in nitrogen at ten 

atmospheres did not vary when the rf voltage was varied 

from 30 to 400 volts. In this present work, using ten 

atmospheres of nitrogen, velocity discrepancies are found 
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between 10 and 63 volts rf. Using the first of these 

voltage values shows only the first order spectrum while 

the second order appears as well as the first with 63 

volts rf. Hayess and Winde indicate a value for nitrogen 

at ten atmospheres of about 359 m sec-1 while the values 

obtained in the present work at 10 and 63 volts rf are 

about 352 and 357 m sec 
-1 
-1, respectively. For these 

values the correction factor of 1.0066 has been invoked. 

With respect to the observation of Hayess and Winde that 

the velocity does not vary with voltage up to 400 volts, 

it may be that the effect which is responsible for the 

high velocity value is already present at 30 volts rf. 

Using the optical method at high gas pressures, 

Noury (41, p. 217 -259) found that the velocity of nitro- 

gen for a pressure of 12.4 atmospheres is about 

354.8 m sec-1. In the description of the apparatus 

used, it appears that the voltage used was rather high. 

The effect which seems to give large values of 

velocity for nitrogen at high rf voltages relative to 

the pressures used may have its origin in a wave dis- 

tortion caused by the large intensity magnitude of the 

pressure wave induced by the crystal vibrations. This 

effect has been discussed by Hubbard (27) and coworkers 

and further analyzed by Fox and Wallace (13). 

Hubbard and coworkers obtained a shadow photograph 
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of a progressive ultrasonic field produced in air at 27 °C 

by activating a quartz crystal having a fundamental fre- 

quency of 407 kc sec -1 with 325 volts. The microphotom- 

eter scan of the resulting photograph indicates the pro- 

gressive distortion of the ultrasonic waves as they 

recede from the source. The wave changes into one having 

steep fronts and according to Hubbard and coworkers, an 

increasing content of second and third harmonic compo- 

nents. 

Hubbard and his group also used the negative of 

the shadow photograph as a diffraction grating and found 

that for that region associated with the early stages of 

the ultrasonic wave which comprised the region occupied 

by the first eleven wavelengths, only the two first 

order diffraction lines were observed. Using the nega- 

tive at its midpoint so as to obtain diffraction from 

the region with more distortion, the first and second 

diffraction orders could be seen clearly while the third 

order was faintly visible according to Hubbard. Using 

the remainder of the negative corresponding to the most 

distortion region in the field and the least ultrasonic 

intensity, only the first and second orders were visible. 

The analysis of this photograph by Fox and Wallace 

with their interpretation of the nature of progressive 

sound waves of finite amplitude indicates clearly the 
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manner in which the wave changes form. They find that 

the distortion referred to gives rise to an increase in 

the wave velocity by an additive term dependent on the 

particle velocity. These authors have analyzed the 

microphotometer scan obtained by Hubbard and coworkers 

even to the extent of determining the relative percent- 

age content of the fundamental and second and third 

harmonic frequency components in the wave as it proceeds 

from the source as well as their phase relationship. 

The results of the present work seem to indicate 

that the second order already appears when distortion, 

and therefore an increase in phase velocity, of the wave 

has appeared regardless of the gas pressure. This sug- 

gestion that the distortion is independent of the pres- 

sure is not supported by ideas of Fox and Wallace 

if the initial pressure wave remains constant and in- 

dependant of pressure. However, since the initial pres- 

sure wave depends on the acoustic impedance matching be- 

tween quartz transducer and medium, the formulas of Fox 

and Wallace cannot be applied until the relationship of 

this matching is investigated. 

The analysis of velocities obtained from an ultra- 

sonic field comprised of waves of finite amplitudes is 

not consistent with the theory of vibrational relaxation 

times as presented earlier. The theory is built on the 

the 
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assumption that the analysis is with reference to waves 

of infinitesimal amplitudes since the linearization of 

the mass -flow equation is dependent upon this property. 

It is tempting to analyze the deviation of the 

predicted integer ratio of the measured distance of the 

first order spectrum to that of the second order spectrum 

by considering a one to one correspondence between the 

intervals in the distorted wave and those of the dif- 

fraction pattern. The proposition here is that since 

the interval between pressure maxima is not constant as 

the wave recedes from the source, there shall appear a 

greater deviation between two pressure maxima separated 

by two "wavelengths" than two pressure maxima separated 

by one "wavelength ". The deviation mentioned is that 

visualized when one compares a wavelength of a wave of 

infinitesimal amplitude with a "wavelength" of a wave 

of finite amplitude. Thus, it is only a matter of stating 

that since a one -to -one correspondence has been assigned, 

the velocity calculated from the second order spectrum 

should be larger than the velocity calculated from the 

first order spectrum. The one -to -one correspondence 

seems a flaw in this argument, but is presented for the 

lack of any better explanation. 

The effect of the sound intensity on the velocity 

has also been considered by Schreuer (53, p. 215 -230) 
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with regard to liquids to the extent that he has sug- 

gested that reported velocity values should be accom- 

panied by a statement regarding the magnitude of the 

sound intensity. 

The result obtained with nitrogen that the sound 

velocity depends on the rf voltage on the crystal need 

not necessarily invalidate that information obtained for 

other gases in which higher voltages were used. This 

may seem paradoxical but it is difficult to accept that 

too much distortion would appear before at least the 

first order diffraction would appear. This statement is 

supported by the good agreement between the theoretical 

values and the experimental values found for sulfur di- 

oxide and argon where such voltages were employed that 

would have given a high value for nitrogen had it been 

used. 

The unusually high velocities found in using low 

pressures and comparatively higher voltages must be 

accepted on the basis of wave distortion effects. 

The asymmetry found between the first order dif- 

fraction spectrum of the Ronchi ruling and that of the 

diffraction spectrum by the ultrasonic field is consis- 

tent with the notion that the parallel beam of light 

was not perpendicular to the normal of the sound wave 

front. This is indicated that the observation that the 
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symmetry in intensity distribution became better the more 

symmetrical the diffraction line pattern became. If such 

is the case, this type of measurement provides a means by 

which the setting corresponding to a = 0 in David's 

theory may be ascertained. Korff found that the sym- 

metrical position as indicated by that setting of a which 

gave rise to a symmetry in intensity distribution was not 

equal to a = 0 as measured; he attributed this slight 

deviation to the non -ideality of the sound wave field. 

The results obtained in this work, particularly with 

respect to the increase in difficulty in obtaining a 

symmetrical pattern when studying argon and then nitrous 

oxide, lends to Korff's conclusion. The non 

suggested here is not associated with wave distortion 

due to waves of finite amplitude but rather to the effect 

which the phenomenon of absorption would have on the 

wave train. 

It is to be recalled that measurements with respect 

to some standard gas have been made on the basis that 

whatever may be the deviation from an ideal planar sound 

field, the deviation remains constant irrespective of 

the gas under study. Such deviation was Bömmel's (3, 

p. 3 -20) main reason for trying to detect dispersion in 

a gas using two simultaneous frequencies and making a 

relative measurement in this way instead of relating the 
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measurement to a previous studied non -dispersive gas. 

The effect of absorption of ultrasound energy 

on the diffracting ability of the ultrasonic field bears 

some consideration. In interferometry the absorption 

coefficient has a direct effect on the velocity measure- 

ments but according to Herzfeld and Litovitz (21, p. 64), 

the error arising from this effect is outside present 

experimental error. Even then, it appears feasible to 

make corrections for this effect as has been done by 

Walker and coworkers (58, p. 1 -24). In the optical 

method described here, any effect by the absorption 

phenomenon is indirect since it would effect the dif- 

fracting properties of the ultrasonic waves. A thorough 

analysis of diffraction by gaseous media would require 

introduction of this effect into the relation expressing 

the periodic variation of the refractive index. 

The solutions of the wave equation regarding dif- 

fraction of light by ultrasonic waves are based on the 

variation of the index of refraction as 

where 

n = no + n 
1 

cos (2 T(z/A ) 

n = the instantaneous index of refraction 

no = the index of refraction in the undis- 
turbed medium 
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n1 = the amplitude of the change in the index 
of refraction due to the pressure wave 

= the sound wavelength 

z = the distance of the observation point 
along the normal from the ultrasound 
source. 

A more appropriate description of the variation 

in the index of refraction would be 

n = no + na (cos 2 Tz /A) (exp -az) 

where a is the sound absorption coefficient and exp -az 

is a decay factor for the amplitude which arises as a 

consequence of the dissipation of the energy of the pres- 

sure wave as it travels away from the source. Such a 

substitution into the wave equation for n may not per- 

mit a solution to be had readily but the proper solution 

would be a more realistic one. 

Because of the unknown and indirect relation of 

the absorption coefficient on the property of the sound 

field to serve as a diffracting medium, a correction to 

the measured velocity values to allow for this effect is 

not yet possible in general. However, for the case in 

which the path length, d, through the ultrasonic field 

is short, and when further 2 
1 
d/A < 1, it can easily 

be shown that ultrasonic absorption will introduce a 

_aa)2/a2 further factor of the form 
a2] [(1-exp into the 
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expression for the ratio of the first to the zeroth 

order. Here a is the ultrasonic absorption coefficient 

and a is the aperture in the direction of propagation 

of the ultrasound. 

In examining the accuracy of the velocity values, 

it must be remembered they were based entirely on the 

measurement of the Ronchi ruling constant with an un- 

calibrated comparator. Although some of the results 

indicated good accuracy, such as those obtained with 

argon, this was only an indication of good optical 

alignment. The absence of accuracy was also dependent 

on the fact that there occurred no guarantee that the 

manner in which the Ronchi ruling constant was measured 

was correct. A correct measurement has to insure that 

the measurement is made along a line perpendicular to 

the grating lines. A deviation of approximately three 

degrees from this arrangement would suffice to cause an 

error in the accuracy by 0.1%. Any deviation from per- 

pendicularity in the measurement -- therefore any devi- 

ation at all -- would give only a larger ruling constant 

than the true value and thus, would tend to increase the 

measured velocity values with respect to the known 

accurate values. The measured values reported in this 

work tend to be low instead of high. 

An important factor influencing the accuracy of 
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the velocity measurement was the alignment of the slit to 

the plane wave fronts of the ultrasonic waves. The effect 

of alignment is analogous to the alignment between a slit 

and the lines of a grating. As Sawyer (51, p. 174 -178) 

points out, any misalignment involving a rotation of the 

slit or grating with respect to each other in a plane 

perpendicular to the axis joining the two elements would 

tend to decrease the spacing in the diffracted orders 

again leading to a higher velocity. This also is true 

of a misalignment involving the rotation of the grating 

about an axis parallel to the slit and perpendicular to 

the line joining the two elements. Considerations re- 

garding the same type of misalignment between slit and 

Ronchi ruling and Ronchi ruling and ultrasonic field 

results in similar effects. However, because of the 

possible alignment combinations of the three optical 

elements, i.e., the slit, ultrasonic field and Ronchi 

ruling, the measured velocity values could result in 

being either high or low. Nonetheless, this alignment 

may be calibrated and indeed corrected by experimenting 

with a nondispersive gas. This explanation serves to 

account for the fact that the results of the sound vel- 

ocity measurements for argon obtained using the low 

pressure cell did not necessitate using a calibration 

factor, while the average sound velocity of nitrogen 
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obtained using the high pressure cell indicated a factor 

of 1.0066 was required to convert the observed values to 

agree with the theoretical value. 

Other possible sources of error would be impur- 

ities or improper temperature measurements or a combin- 

ation of both. An error in the reading of the temper- 

ature of one degree would already cause 0.15% error. 

Particular attention to any temperature error in this 

experiment seems warranted in view of the inquiry as to 

whether the temperature denoted by the thermistor is the 

temperature which should be assigned to the system at 

the time of exposure. This notion indicates that the 

measurements associated with the least temperature change 

should be the more reliable ones. The best evidence to 

evaluate this notion should perhaps be drawn from the 

results obtained with argon. In reference to these data, 

the exposure associated with the velocity value of 

323.0 m sec -1 and which is slightly higher than the 

others, except for the exposure made at 0.4 atm pres- 

sure, had a temperature change of 0.8 °C, while exposures 

associated with pressures of 0.8 and 0.6 atm had a tem- 

perature change of 1.1° and 2.0 °C. The velocity of the 

last exposure at 0.4 atm had the greatest temperature 

change of 3.1 °C but it is also true that any distortion 

giving higher velocity values should be predominant at 
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lower pressures. Separation of both effects seems 

necessary for a convincing argument that the temperature 

as indicated by the thermistor is not the temperature 

which should be taken for the system under study. On 

the basis of the comparison of the velocity values found 

for argon and the temperature variation, the view pre- 

sented here is that such temperature measurements should 

be accepted with a degree of caution. 

In regards to errors arising from impurities these 

are always likely possibilities particularly when no 

special precautions are taken as was true of this work. 

However, the purities given for the various gases, except 

for nitrous oxide, can be considered as very high. Argon 

has the best purity followed very closely by nitrogen; 

yet nitrogen gave the low value referred to. It would 

be indeed surprising if after evacuating the cell over- 

night and flushing with the gas at atmospheric pressure 

three times, as was the case, enough impurities remained 

to reduce the purity of nitrogen to yield a low velocity 

value. The purity of ammonia was questionable since its 

history was unknown except that the gas cylinder was four 

years old and nearly empty from intermittent use. With 

regards to nitrous oxide which had a stated purity of 

99.3%, Walker has indicated that the main impurity is 

nitrogen and his studies show that the velocity is 
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increased when nitrogen is added as the impurity. 

On the other hand, according to an investigation 

by Wight (59) concerning the effect of small amounts of 

water on the relaxation time of nitrous oxide implies 

that the relaxation time of nitrous oxide and 0.2% water 

vapor mixture would be 0.63 /Is. The stated purity of 

the nitrous oxide used could certainly accomodate this 

much water vapor. 

The slope of the line drawn in Figure 14 was made 

equal to one as is demanded by the theory for a single 

vibrational relaxation time. The position of the line 

was determined by weighing those points obtained at the 

lower f/p values slightly more. Such a procedure may 

be justified on the basis that (1) the temperature change 

at higher pressure is less, (2) any external impurity 

taken on by the gas would have a more severe effect at 

the low pressures than at high pressures, (3) distortion 

at lower pressures is more prevalent and reproducibility 

less (an observation consistent with the conclusion of 

Petersen (42)) and (4) better photographs of the dif- 

fraction image were obtained at the higher pressures. 

The value of the single relaxation time from the 

curve representing the optical data of 0.63 J s brackets 

the vibrational relaxation time value between 0.1 and 

1.3 Jis. As such the value of 0.63 Jis indicates that 
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at 300 °K, about 5,500 collisions are required to reduce 

the energy departure from thermal equilibrium to 1/e tb 

of its value. The number of collisions was determined 

by using the formula (28, p. 835) 

where 7c, the time between collisions, is given as 

1/15 x 10 sec at 300 °K by Herzfeld and Litovitz (21, 

p. 252). 

The value of 0.63 s is to be compared with that 

value best representative of the interferometric method 

as given by Walker and his group (58, p. 19) as 0.92 /l s 

and that derived from the data of Holmes and coworkers 

(25) of 0.99 g s at 300 °K. The value obtained by Jacox 

and Bauer (28, p. 844) using the spectrophone was 0.8 /l s. 

Thus, the value for the vibrational relaxation time 

of nitrous oxide obtained by this work using the optical 

method gives quantitative agreement within a factor of 

two with those values reported using two different ex- 

perimental techniques. 

On the average, the lower limit of precision in 

sound velocity measurements for the gases studied was 

0.15% based on the standard deviation. The accuracy for 

the sound velocity measurement of nitrous oxide was 

approximately 0. 75;.,, a value obtained by comparing the 

i 

z . To/ To 
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sound velocity value with that reported by Walker and co- 

workers for an f/p value of 1 Mc /atm. A statement of 

this accuracy must include the usual assumptions char- 

acteristic of such comparisons, the important one being 

that the two systems studied were identical. 

The accuracy of the results do not permit the 

suggesting of any other collision mechanism other than 

that due to double collisions. Moreover, it prevents 

suggesting that more than one relaxation time is in- 

volved. 

The fact that this work remains the first to re- 

port detection of a dispersion in sound velocity 

associated with a vibrational relaxation time, should 

serve as encouragement that if the optical method 

receives the attention given other methods to obtain the 

same results it may become a very reliable method. 

Those items which should receive notable attention 

in improving the optical method must include the temper- 

ature measurement and temperature control. It seems that 

using higher temperatures may tend to make any temper- 

ature change due to formation of an ultrasonic field less 

significant. Whatever the temperature control may be, 

activation of the quartz crystal with pulses of rf energy 

will increase the realiability of measurement. Loury 

(41, p. 217-259) has managed to make this feat possible 
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along side exposing the plate only during the time the 

ultrasonic field is on. His work, however, involved a 

minimum pressure of 12 atmospheres. 

Use of off -axis parabolic mirrors as the important 

elements in the optical system should remove the objec- 

tionable scattered light present in a lens system and 

caused by the reflection from the several glass -air 

interfaces. The use of a long focal length objective 

element, say 300 cm, will cause a separation of dif- 

fracted orders to be sufficiently large that the limiting 

value in the precision should occur in the accuracy with 

which the focal length is known. Such an arrangement 

should allow a precision of at least 0.1%. 

The findings of Gollmick (17, p. 1-47) as to the 

necessity for using a mounting of the crystal transducer 

to eliminate excessive damping is emphasized. The 

determination of the impedance of such an element should 

hold a high priority in order to adequately match an 

oscillator to the transducer and resulting in minimizing 

the heating effect and increasing he efficiency of the 

transducer. The use of a standing sound field may be 

preferable to minimize any contribution the phenomenon 

of absorption may give to the non -ideality of the sound 

field. 

Korff was able to photograph diffraction of light 
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by ultrasonic waves in air having a frequency of 4,28 me 

sec -1 -1. In view of this and of the results attained in 

this work, it seems that for a gas as efficient as 

ammonia in regard to the ability of producing a dif- 

fraction pattern, photographing of diffraction to values 

of f/p in the neighborhood of 10 me atm -1 
1 should be 

possible. 
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APPENDIX 1 

VELOCITY CORRECTIONS DUE TO 
GAS NON- IDEALITY 

In this work two methods were used to correct 

experimental velocities to correspond to velocities for 

the ideal gas. Both methods make use of the second 

virial coefficient, B. 

The first method relies on using the virial co- 

efficient as a function of temperature obtained from the 

Beattie -Bridgman equation of state. The work of Hirsch - 

felder, Curtiss and Bird (23, p. 253) shows that in this 

case 

B(T) = Bo - (Ao/RT) - (c/T3) la 

for which they have given values of the constants 
Bo, Ao 

and c for several gases. 

The above expression was then used in conjunction 

with the equation relating observed sound velocity, Ur, 

and the velocity of the ideal gas, Ui, given by Herzfeld 

and Litovitz (21, p. 191). They write the relation as 

u2 
= 

U2 
r 

1+ 2P B' + 
Co a T + CoCo 1 2 a T 
p p v 

R a(TB' ) 1 R2 D2( TB' ) 

2a 

where B' = B /RT. 

2 
t 

r 
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Substitution of the following three equations, 

B' = B /RT = (Bo/RT) - (AART12) (c/RT4) 3a 

A0/(RT)2 3c /RT4 4a 

o 2 
(TB ) 

0 - 2A 
o 
/ R2 T 3 - 12 c/RT5, 

T" 

into equation 2a, it is possible to arrive at 

.2 Ui 
2 
r 

B A 1 c 6 11 1+2P 8 + 

RT (RT)2 
2 

y.(7) RT 0 
o 

( 1 + 2PF ). 

5a 

6a 

In this equation F is in atmospheres, T in degrees Kelvin 

and R is 0.08205 liter atm deg -1 mole -1. -1 

In the case of three of the gases studied in this 

work, 

Ao 
o 

= 

argon, 

Ao = 

nitrogen and 

1.2907, 

1.3445, 
' 

Bo 
o 

Bo 
o 

0.03931 and c 

0.05046 and c 

. 

= 

5.99 x 10 
4 

for 

4.20 x 104 
4 

for 

Ao 
o 

2.3930, Bo 
o 

0.03415 and c = 476.87 x 104 
4 

for ammonia. 

For ammonia where e 
o = 

1.307, F has a value of 

- 

.(TB')/ 3T = + 

, 

-°- 3 

= 

= 

= = 

r 

I 
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-5.391 x 10 at 300 °K. Therefore the non -ideal correc- 

tion to the observed velocity Ur for ammonia at one 

atmosphere would be such as to increase it by 0.54;). 

For nitrogen under the same conditions, F has a value 

of +4.12 x 10 -4 and indicates that the ideal sound vel- 

ocity is lower by about 0.04% than the observed velocity. 

In argon the deviation between ideal and real sound vel- 

ocities is less than 0.01% under the same conditions. 

In the case of nitrogen, the correction factor was 

applied for pressures above two atmospheres. 

The method for correcting the observed velocity 

of nitrous oxide to ideal velocity values is essentially 

that given by Sette and corworkers (54). The relation 

involving the real gas velocity, Ur, and the ideal gas 

velocity, Ui, in terms of 

B, is given by the expression 

B/RT 1 

the second virial 

-, RT d 
2 

B 

coefficient, 

= 1- GP. 7a 

and the heat 

These may 

Ur/Ui = 1 + P + 

Cv 

Here P is the pressure 

capacities Cv and C° have 

[dB 

dT 2C° JT2 

in atmospheres 

been defined. 

be calculated apriori and in the case of nitrous oxide 

were calculated and found to be 3.659R and 4.659R, 

respectively, at 300 °K. These values were obtained from 

the vibrational frequencies listed in Herzberg (20, p 278). 

i 

1 
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cm-1 
u C/R d (C/R)t 

588.8 2.824 0.536 2 1.072 
1285.0 6.163 0.084 1 .084 
223.5 10.664 0.003 1 .003 

total = 1.159 

In this tabulation, v is the vibrational frequency at 

a particular normal mode, u = 1.439 U /T, and the 

associated value of the vibrational heat capacity was 

obtained from tables of Einstein oscillator functions 

(30, p. 1 -159). More precisely the evaluation of u 

should be at the temperature of the experimental observed 

velocity, Ur. However since the velocities observed for 

N20 were so close to 300 °K that the effective vibrational 

contribution to the heat capacities would not be changed 

within the experimental error if the actual temperature 

of the experiment were used, this procedure seemed 

justified. The column denoted by d represents the de- 

generacy of the mode; the column denoted by (C /R)t is 

values of the total vibrational heat capacity contribu- 

tion by each mode. 

For calculating the second virial coefficient, 

Sette and coworkers give the well known expression de- 

rived from the Berthelot equation involving the critical 

temperature, Tc, and the critical pressure, Pc. Thus, 

RTc 
- 

6T2 
8a 128 Pc T B 

' 

' 

1 

1 
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Substitution of this expression into the relation 

involving the real gas and ideal gas velocities yields, 

T 
-G = 0.0703 c 

3 P T 
c 

+ 
2 

3 
)40 - 1 

2a 

where t 
o 

is the ratio of the heat capacities, 4/0°. 

In the case of = 1.273 and Pc 
= 
71.7 atm 

while Tc 
c 

= 309.7 °K. The latter two values were obtained 

from the International Critical Tables (15, p. 2418- 

2149). 

Substitution of y(o for 300 °K yields, 

4. 0.3036 (T2 
- -- GN = 36.25 x 10 ). 

2 
0 0 T3 

loa 

For the exposures used in obtaining the vibrational re- 

laxation time for nitrous oxide, the necessary data for 

obtaining the idealized sound velocities are tabulated 

in Table 14. 

In the case of ammonia where y 
o = 

1.307 at 300 °K 

and for which Tc 
c 

405.6 °K, and Pc 
c 

= 111.5 atm, formula 

9a becomes 

_G 0.2558 (T2 
59.421 x 104) NH, 

T3 3 

which for 300 °K yields 

T2 - 
)40' 

- óo 

N20, 
'&o 

= 

9nf- 7 
° 

17_ 

' 3 

- 
= 

ç 
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Table 14 

Summary of G Values for N20 

e.n:* T(°K) G P(atm) GP 1-GP 1/(1-GP) 

3515 297.58 .0032 1.04 .0033 0.9967 1.003 

3514 298.58 .0031 1.04 .0032 .9968 1.003 

3513 298.88 .0031 0.80 .0025 .9975 1.002 

3512 299.35 .0031 0.60 .0018 .9982 1.002 

3511 301.51 .0030 0.40 .0012 .9988 1.001 

41521 299.52 .0031 10.28 .0318 .9682 1.033 

41522 300.03 .0031 10.28 .0318 .9682 1.033 

41523 299.98 .0031 7.62 .0236 .9764 1.024 

41524 300.07 .0031 5.31 .0164 .9836 1.017 

41525 300.38 .0030 4.42 .0132 .9868 1.013 

41527 300.41 .0030 1.77 .0053 .9947 1.005 

41528 300.87 .0030 1.00 .0030 .9970 1.003 

*Exposure number 
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(-GNli 
3 
)3oo°K = 

-4.775 x io-5 

and is to be compared with the value previously mentioned 

and obtained from a different method. 
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APPENDIX 2 

CONSIDERATIONS OF CORRECTIONS 
FOR FOCAL LENGTH 

In the grating -type of formula used to determine 

the sound wavelength, the sine of the diffraction angle 

was approximated in that the true relation 

became 

sin e =n /l 

where f1 designates the sound wavelength, bn the distance 

between the nth order diffraction line from the zero 

order, F the focal length of the objective lens, and 

the wavelength of light used. 

Actually the sine of the diffraction angle, e, 

should be 
b 
n 

(bñ+F2)1/ 
lb 

An analysis of the error inherent in the focal length 

using the approximation mentioned above is given in 

percent as 

5O(bn /F)2, 

n F 
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where the binomial expansion for the square root term has 

been invoked to the second term. For an error of 0.05% 

in the focal length, it must be that the value of bn is 

as least as large as given by 

bn = 0.032 F 

which, using a focal length of 61 cm, yields bn = 19.5 mm, 

a value which is about 20 times larger than most values 

obtained in this work. 

Another possible source of error in the effective 

focal length of the objective concerns the corrections 

of the velocities due to refraction. This effect has 

its origin in light impinging on a boundary formed by 

two media having different indices of refraction. The 

phenomena of reflection accompanying refraction need not 

be considered as having an effect on the focal distance 

but is of great importance in determining an efficient 

optical system for studying gases at low ultrasonic fre- 

quencies or gases such as ammonia which have a relatively 

high velocity. 

Since the diffracted light by the ultrasound field 

does take on a direction different than the parallel 

light, the main concern is in the immediate vicinity 

where the diffracted light passes through the cell window 

and into the outer atmosphere. A consideration of the 
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problem in this particular region shows that the evalu- 

ation of the effect on the diffracted light involves 

only the index of refraction of the gas in the cell and 

outside the cell. 

The treatment has been presented by Schaafs (54, 

p. 121 -122) and outlined by Hayess and Winde (19, p. 203) 

and is reiterated here. 

Schaafs considers sin e as expressed by 

sn 

1/2 

2 
sñ+ A-k(1-M) 

2b 

under the hypothesis that sn would be the distance be- 

tween the zero order and the nth order if the effective 

focal distance would be A as measured along the optical 

axis from a point on a plane perpendicular to the axis 

and bisecting the ultrasonic field. 

A similar form of this equation may be derived 

involving the consideration of Figure 18. 

The attention is centered about the shortening of 

A by Q yielding an effective focal distance, Aeff, for 

which Aeff - 
A - . The distance Aeff would then be 

the apparent focal length due to the refraction of the 

diffracted ray. A consideration of the geometry involved 

yields that 

) 

¿ 

r 

[ 

I 





d sin 
2 

and k sin i 
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where k + Q = d and x is the height from the optical 

axis to a point common to the two rays which intersect 

on the boundary. Thus, 

or 

k 
sin -2 nl 

d - sin os ñ2 

n 
k = ñld, 

2 

where ni designates the index of refraction. 

From the last relation and the relation 

= d - k, it follows that 

n 
(1 - ñ ). 

Now A - = 
Aeff' 

thus 

sin e = 
2 

sn2 Jl+ Aeff 

(s' 
Aeff) 1 

n 

n 
A - ' l - 1 d. ) 

+ n2 
S 
n 

which is the form of equation 2b given by Schaafs. 

Consequently, 

. 4b 

Q 

d 

sn 

2 

= 

Q 

1 

+ 

Y 



A=nA 

n 
l x-d(1-ñ) 

n2 

sn 
4b 
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In the approximation involving a thin lens, 

Schaafs states that A is replaced by the focal length 

F and sn by bn which yields 

A= 
F - d ( 1 - 

b 
n 

2 

. 5b 

In the present work, the conditions under which 

such a focal length correction would be most appropriate 

would be the experiment involving 10 atm pressure of 

N20. In this situation, setting k = 50 mm and n2 

1.0050, the correction amounts to less than 0.04/. 

{1 

( 

n nl) 

2 

+ 
n 

1 

) 

. 

nA 


