
and tried, but it must be said that what 
cannot yet be done, or done well enough, 
far outweighs what can be done. So 
here again there is an immense oppor- 
tunity for ingenuity and systematic hard 
work. The putting together of all these 
devices and techniques into systems will 
have to wait until we have all the parts 
and the necessary understanding. That 
time will surely come-how soon, it is 
impossible to say. 
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In the last few decades scientific in- 
terest in the area of low-temperature 
physics has been accelerated and the 
related field of cryogenic engineering 
has been developed. While some of 
the engineering applications have been 
direct products of previous research 
efforts, considerable impetus has been 
provided by ventures into outer space. 
Accumulated knowledge of the prop- 
erties of hydrogen (in both the liquid 
and the gaseous states) has been im- 
portant for propulsion, but additional 
interests are steadily developing-for 
example, cryogenic pumping for a va- 
riety of applications, the possible use 
of superconducting phenomena, and 
creation of environments which pro- 
vide low noise levels. 
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Basic to the extension of fundamen- 
tal research on phenomena at cryo- 
genic temperatures, as well as to en- 
gineering development, is the attain- 
ment of a practical temperature scale. 
To be useful such a scale must be 
reproducible and must reasonably ap- 
proximate the thermodynamic, or Kel- 
vin, temperature scale. Additionally, 
there must be a secondary thermome- 
ter possessing a temperature-related 
parameter that can be relatively sim- 
ply and reproducibly measured. 

In this article we discuss methods 
of achieving a temperature scale which 
approximates the thermodynamic scale 
(below 20?K); sources of difficulty in 
the methods; a new approach (mea- 
surement of the speed of sound in 
helium gas) to precision low-tempera- 
ture thermometry; the instrument em- 
ployed; achievement of a new pro- 
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The absolute thermodynamic, or 
Kelvin, temperature scale, which is in- 
dependent of the properties of any 
substance, results from basic thermo- 
dynamic considerations. It is frequent- 
ly derived (1) by operating a reversible 
engine in a Carnot cycle between two 
heat reservoirs, which may be char- 
acterized by the temperatures T1 and 
T2. The ratio of the heat absorbed 
(Q<) and the heat rejected (Q2) by the 
engine is equal to the temperature ratio 
on the Kelvin scale. 
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To fix the size of the degree and 
thereby complete the definition of the 
Kelvin scale, an arbitrary number of 
degrees must be assigned to some 
temperature interval. 

Originally the size of the degree was 
defined by assigning exactly 100 de- 
grees to the temperature interval be- 
tween the freezing and the boiling 
points of water. 

In 1954 the Kelvin scale was rede- 
fined in terms of a single fixed point 
-the triple point of water-and the 
temperature interval between zero of 
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the scale and the triple point was as- 
signed the value of 273.16 degrees ex- 
actly. Thus, for the reversible engine 
operating in a Carnot cycle between 
reservoirs at temperatures T, and 
273.16?K, 

T1 273.16 (2) 
Q273.1 

where Q, and Q273.16 are the heats ex- 

changed at T1 and 273.16?0K, respec- 
tively. 

It can be shown (1) that tempera- 
ture values in terms of a scale based 
on properties of an ideal or perfect 
gas agree with temperature values in 
terms of the absolute thermodynamic 
scale provided the same fixed-point 
value is used to define the size of a 

degree on the two scales. 
Since this article concerns tempera- 

tures based on properties of a perfect 
gas, we first consider such a gas. We 
define it by the following two laws: 

1) Boyle's law: At a definite tem- 

perature the product of pressure and 
volume for a constant mass of perfect 
gas is constant, or 

pv f (T) (3) 

2) Joule's law: At a constant tem- 

perature the energy E for a constant 
mass of a perfect gas is independent 
of the volume, or 

a(dE ) 0 (4) 

While a perfect gas does not exist, 
it can be approximated. There are sev- 
eral methods by which ideal-gas tem- 

peratures may be arrived at. Those 
generally employed are (i) pressure- 
volume isotherm determinations with 
extrapolations to zero pressure, to sim- 
ulate an ideal gas; and (ii) gas ther- 
mometry, in which thermometric mea- 
surements of a real gas are corrected 
to give reference to an ideal gas. 

Nearly a decade ago it became ap- 
parent that the National Bureau of 
Standards should undertake thermome- 
try investigation in the temperature 
range below 20?K. The need for a 
basic scale and attendant calibrations 
between 4? and 20?K had been ex- 
pressed by both engineering and ba- 
sic research groups. At approximately 
the same time temperature scales in 
the He4 vapor pressure range (2? to 
5?K) were being discussed, with the 

resulting emergence of the 1958 He4 
Scale of Temperatures (the T58 scale) 
(2). Provisional scales maintained by 
platinum resistors were in existence; 
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they covered the temperature range 
from 20? down to about 11?K and 
left an obvious gap from 5? to 11?K. 

The decision was made to initiate 
an investigation that would result in 
a temperature scale for the range from 
2? to 20?K. Then, as now, there was 
sufficient divergence among the abso- 
lute-temperature determinations made 
by various investigators in both the 
2?-5?K and the 10?-20?K ranges to 
justify a special effort. Since gas ther- 

mometry is the method which has 
been most widely used for achieving 
temperature values that approach 
values on the thermodynamic scale, 
the technique was given serious con- 
sideration. But precise gas thermome- 

try is a very painstaking undertaking, 
especially at low temperatures, where 
certain difficulties (see 5) are intensi- 
fied. These difficulties relate to correc- 
tions which must be made because of 
errors in the gas-thermometry data 
caused by (i) the "dead" space of gas 
thermometers (3); (ii) erroneous pres- 
sure measurements resulting from 
thermomolecular pressure effects (4); 
(iii) departures of the thermometric 
fluid from an ideal gas; (iv) uncer- 
tainties concerning thermometric vol- 
umes resulting from uncertainties in 
coefficients of expansion; and (v) in- 

ability to conserve the thermometric 
fluid (that is, adsorption of the gas). 
In addition, the demands of mano- 
metric precision in gas thermometry 
are always stringent. 

Thus, while the opportunity existed 
for developing a gas thermometer of 

greater accuracy than the existing in- 
struments in the temperature range of 

interest, the inherent characteristics of 

gas thermometry left some doubt as 
to the possible significant gain from 
such an effort. What was clearly 
needed was a completely different ex- 

perimental approach to thermometry, 
one which gave promise of being at 
least as accurate as existing methods. 
We felt that experimental determina- 
tion of isotherms from measurements 
of the speed of sound in helium gas 
as a function of pressure was a prom- 
ising approach. 

The concept of deriving values of 
absolute temperature from speed-of- 
sound measurements is not of recent 
origin. Lord Rayleigh recognized the 
possibility of such an experiment in 
1878 (6) in observations on a com- 
munication from A. M. Mayer (7). 
More recent manifestations of interest 
appear in the contemporary literature 

-for example, in a paper by Hedrich 
and Pardue (8). Van Itterbeek and 
Keesom (9), De Laet (10), and Brodsky 
et al. (11) have investigated the feasi- 
bility of attaining the required ac- 
curacy, with varying degrees of suc- 
cess. 

It is pertinent to introduce, here, a 
theoretical discussion which will dem- 
onstrate that values of temperature on 
the absolute thermodynamic scale can 
be approximated from the experimen- 
tally determined quantities, sound-speed 
and pressure, in helium gas. 

Theory: Speed of Sound in a Gas, 

and Absolute Temperature 

When sound is propagated through 
a gas, if the frequency of the sound 
is not too high relative to the mean 
collision frequency of the gas mole- 
cules, the propagation is nearly adia- 
batic, and the speed of sound (12) is 

(5) 

where p is the density of the medium 
and E is the adiabatic-bulk modulus 
defined by the relation 

O ap\ Cl, { p\ E= -v avv = -C-v T;u (6) 

The symbols v and p refer to the 
volume and pressure of the medium, 
and the partial derivative is at constant 

entropy or temperature, as indicated; 
Cp and Cv are specific heats at con- 
stant pressure and volume, respec- 
tively. If the conducting medium were 
an ideal gas, its equation of state 
would be expressed by 

pv= RT 

and there would result 

ap _ RT. 
av v T - - V 

(7) 

(8) 

Additionally, the ratio of specific heats 
would be that of an ideal gas, 

Cv e as 3 

(if the gas is assumed to be monatom- 
ic), and Eq. 5 becomes 

RT = 3 M (9) 
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Equation 9 indicates the simple rela- 
tionship between the absolute thermo- 
dynamic temperature T and the speed 
of sound in an ideal gas Wo. (The gas 
constant R and the molecular weight 
M are considered to be accurately 
known constants.) 

In actuality an ideal gas does not 
exist, so Eq. 9 must be modified for 
application to real gases. Of the two 
gases, He3 and He4, which can be used 
for sound measurements at tempera- 
tures between 2? and 20?K, He4 has 
been selected for experimental mea- 
surements. Its equation of state can 
be assumed to be represented by the 
empirical relationship (13) 

pv = RT (1- + v + ...) (10) 

where B and C are functions of the 
temperature called the second and 
third virial coefficients, respectively. If 
the quantity (Op/dv) is evaluated 
from Eq. 10 and the ratio Cp/C, is 
evaluated for the real gas, Eq. 5 can 
be written 

W 
C 

) 
R 
M(1 + ap +p + ...) 

Cv Ideal M 
(11) 

where 

= 
RT [B + 4T dB d2B a = 2B+ -y-,+ (4/l5)T'd . 

(12) 

p is a term that includes higher orders 
of the virial coefficients B and C. 
From Eqs. 9 and 11 we obtain 

W2 = WoD (1 + ap + pp2 ...). (13) 

It is now apparent that, if one de- 
termines an isotherm of W2 as a 
function of pressure, the intercept W,2 
of the extrapolated isotherm readily 
affords a means of calculating the iso- 
therm temperature on the absolute 
scale. 

In the foregoing relationships we 
note that precise volume or changes 
in volumes, conservation of thermo- 
metric fluid, nonideal representations 
of the gas, and "dead" spaces are 
extraneous considerations. And since 
the pressure measurement is a second- 
order quantity (in Eq. 13 ap is small 
as compared with 1 and the pressure 
terms of higher order are even less 
significant), the precision with which 
it must be determined is less stringent 
than in the case of gas thermometry; 
thus, for practical purposes, the need 
8 OCTOBER 1965 

for thermomolecular-pressure correc- 
tions is entirely eliminated. 

In order to obtain values for the 
speed of sound as a function of pres- 
sure, one must determine the wave- 
length and frequency. Several meth- 
ods are possible, but our work is based 
upon the creation of standing waves 
in helium gas {by means of an ap- 
paratus with a fixed frequency and a 
variable path. Other investigators, in 
attempting a similar type of thermom- 
etry (that is, thermometry based on 
the creation of standing waves in 
helium gas), have employed apparatus 
in which the path length for the sound 
is fixed and the frequency is variable 
(9-11). We readily acknowledge that 
other methods may be as feasible as 
the method we have used. 

The instrument we have used is 
called, in the field of acoustics, an 
ultrasonic interferometer, but because 
of its particular application we gen- 
erally refer to our model as an acousti- 
cal thermometer (14). 

Qualitative Method 

A method (often illustrated by 
Kundt's tube) for measuring the speed 
of sound in a gas is shown schemati- 
cally in Fig. 1. In Fig. 1, Q is a 
quartz crystal energized, by an outside 
circuit, at its resonance frequency f. 
The voltage across Q is continuously 
monitored. Energy radiating from the 
crystal is transmitted through helium 
gas; after reflection from the plane 
surface R, the energy again traverses 
the gas and returns to the source crys- 
tal. The impedance at the electrical 
terminals of Q, and therefore also the 
magnitude of the voltage (the input 
current is held constant), depends on 
the length of the gas column. If the 
electrical circuit is properly designed, 
the magnitude of the voltage at Q 
peaks sharply for certain distances be- 
tween R and Q; each of these distance 
values differs from the next by a half- 
wavelength. 

One measures the displacement of 
R through n half-wavelengths, which 
are visually observable on the volt- 
meter; the displacement divided by 
n/2 yields the wavelength of sound in 
helium gas. Since the resonance fre- 
quency f of the quartz crystal is con- 
tinuously measured, the experimental 
value for the speed of sound in helium 
gas may be readily calculated from 
W = Af. This value of W is, of course, 

the phase speed corresponding to what- 
ever mode exists in the tube of gas. 
It is supposed that this mode is suffi- 
ciently like the plane wave mode to 
allow identification of W, for our pur- 
pose, as the free-space value. The 
mode may not be pure but, if this is 
the case, its components are spaced so 
closely that the interferometer does 
not resolve them. 

Experimental Instrument 

The most important requirement in 
the design of an ultrasonic interferom- 
eter concerns the mounting-relation- 
ship between the crystal source and 
the reflecting surface. It is essential 
that plane parallelism exist between 
these surfaces, regardless of the dis- 
placement of one surface with respect 
to the other. Our instrument is so 
constructed that plane parallelism is 
maintained to within three light 
fringes, even though the reflection sur- 
face is either displaced by 2 centi- 
meters from the crystal source or com- 
pletely rotated. This parallelism was 
maintained at room temperature, and 
because of the design a comparable 
result is expected at operational tem- 
peratures (20?K and below). 

Another requirement pertains to the 
purity of the gas being investigated. 
Because measurements are being made 
at low temperatures, nearly all the 
possible impurities are frozen out. 
Nevertheless, to maintain an opera- 
tionally clean system and also to ex- 
clude the few gases which might be 
contaminating, the entire enclosed gas 
system was made vacuum-tight. Addi- 
tionally, the entire system was repeat- 
edly flushed with He4 gas during rou- 
tine preparations and operations. Out- 
gassing at a temperature that is high 
as compared with ambient conditions 
is, for our apparatus, impractical and 
seems unnecessary, since, as men- 
tioned, nearly all the possible con- 
taminants are frozen out at tempera- 
tures below 20?K. 

One of the most difficult design 
problems is associated with the mea- 
surement of the relevant displacement 
of the reflecting surface relative to the 
crystal surface. The difficulty arises 
from the possible expansions and con- 
tractions of material in existing ex- 
treme temperature gradients-which 
are not necessarily constant. The de- 
sign must not only provide for actua- 
tion of the reflecting surface but must 
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also permit accurate measurement of 
the translational motion. 

Another requirement concerns the 
need for making precise measurements 
of electrical resistance. If the ultra- 
sonic interferometer is to serve as a 
primary thermometer, we must be able 
to calibrate secondary thermometers 

against the scale of temperature that 
is established. Germanium resistors 
can be used as secondary thermom- 
eters, but their use presents certain 
measurement problems: the occurrence 
of stray joule heating at radio-fre- 
quencies; the problem of making re- 
sistance measurements at low power 
levels; and the difficulty of attaining 
thermal equilibrium. 

Certainly not least among the design 
requirements is the necessity of accu- 
rately maintaining the essential compo- 
nents at any desired temperature be- 
tween 2? and 20?K for long periods. 
Considerations of primary and second- 
ary thermometry are paramount, for 
it is hoped that the instrument will be 
at least competitive with the best exist- 
ing techniques of low-temperature 
thermometry. 

Construction Details 

During experimentation, the lower 
portion (Fig. 2) of the apparatus is 
maintained in a liquid helium bath; 
the upper portion (Fig 3), which is 
necessary for effecting and measuring 
displacements of the reflecting piston 
A, is at room temperature. 

Copper piston A is capable of being 
translated smoothly, without seizing, 
within the copper cylinder B. The 
quartz crystal (f = 1 Mcy/sec) is seated 
against the lower surface of the cylin- 
der B; the lower assembly D not only 
maintains the crystal in position but 
also accommodates the electrical lead 
which energizes the crystal. The pis- 
ton's upper end is connected to a fused 
quartz rod by a ball joint designed to 
permit reasonably simple assembly and 
a degree of self-adjustment during 
thermal expansion or contraction and 
to constrain the piston to follow axial 
displacements of the fused quartz rod. 
The rod extends upward about 1.2 
meters to enter ambient conditions 
above the indicated neoprene O ring 
vacuum seal (Fig. 3). At its upper end 
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B 

HELIUM 

GAS 

f 
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Fig. 1. Schematic representation of 
sound in a gas. 
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the basic method for measuring the speed of 

the rod is smaller in diameter than it 
is throughout the rest of its length, 
and at the point where this change 
in diameter occurs it is secured to a 
plate, P, that is constrained to move 
in translation only along the axis of 
the quartz rod. Fixed pins which pass 
through holes drilled in the plate pre- 
vent rotation of the plate. The motion 
of the hand-operated driving mecha- 
nism is limited to rotation about the 
axis of the quartz rod. Plate P is 
threaded into the driving mechanism, 
hence a rotation of the driving mecha- 
nism produces a translation of plate 
P along the axis of the quartz rod. 
Because the quartz rod and the piston 
undergo the same translation, the po- 
sition of the reflecting surface (Fig. 2) 
with respect to the quartz crystal is 
controlled by manual turning of the 
driving mechanism. 

The thermometric gas He4 is con- 
tained within cylinder B, assembly D, 
copper piece C, and the Invar and 
quartz tubings which lead to the base 
plate L (Figs. 2 and 3). From the base 
plate there is gas communication 

through a side arm to a manifold that 
affords connection with a manometer, 
a large gas-ballast volume, and gas 
evacuating or filling systems. This ar- 
rangement permits vacuum leak detec- 
tion, gas filling, and pressure control 
and measurement. 

Since the entire assembly of Fig. 2 
is maintained in liquid helium during 
experimental measurements, a large 
temperature gradient exists along the 
fused quartz tubing-from 4?K at the 
top of the vacuum can to 300?K sev- 
eral centimeters below the base plate. 
Fluctuations in the gradient could 
have a critical effect on the displace- 
ment measurement from which the 
speed of sound is calculated. Precau- 
tions have been taken to minimize the 
changes in the thermal gradient; more 
important, fused quartz was selected 
for the tubing because of its relatively 
small coefficient of expansion. 

The temperature of the helium gas 
between piston A and the quartz crys- 
tal is of paramount importance; it 
must be controllable so that it can 
be maintained for long periods at any 
selected temperature in the range of 
interest, 2? to 20?K. This is best ac- 
complished by controlling the tempera- 
ture of C, A, B, and D, which are 
in intimate contact with the thermo- 
metric gas. When the apparatus is in 
operation there should be no discerni- 
ble temperature difference for these 
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RTZ ROD tion shield surrounding B and D is 

QUARTZ TUBE thermally coupled to C; secondary- 
thermometer electrical leads are 

TUBING thermally anchored to C; and the 
IACUUM LINE heater coil for supplying power to 

maintain C, B, A, and D at the de- 
sired temperature is wound on C, as 
shown in Fig. 2. Small secondary 
thermometers (germanium resistors im- 
bedded in the outer wall of cylinder 
B) and the acoustical-wave generating 
system supply heat to the system (A, 

HEATER COtL B, C, and D) and therefore could 

conceivably establish an undesired 

gradient. However, experimental vari- 

CYLtNDER ation of the power applied to these 
small heating sources has not revealed 
any such gradients. In effect, the com- 

GERMANIUM 
THERMOMETER ponents below C are "dead-ended" 

REFLECTING thermally, so that, for all practical 
purposes, the imbedded secondary 

QUARTZ CRYSTAL thermometers are in thermal equilib- 
rium with the excited helium gas. 

Precautions were taken to avoid 
Ater compo- thermal oscillations (16) of the helium 
at low tem- gas in the annular space between the 
nt. quartz tube and the rod. But another 

serious problem was encountered. 
When the temperature-controlled sec- 

temperature tion was maintained at a temperature 
- surround- which exceeded the bath temperature 
n order to by several degrees, convection cur- 
ure control rents were set up in the gas that oc- 
able rate of cupies the annular volume between the 

nding liquid thin-walled Invar tubing and the quartz 
components rod. The cycle transmitted heat in an 
*d from the erratic manner from component C to 
ition is both the region of the vacuum-can cover. 

(15); hence This necessitated a larger heat input 
th must be to the heater coil and resulted in the 

undesired loss of temperature stability for the 

lgly, the in- chamber components. The difficulty 
hat there is was overcome by introducing nylon 
toward the material, formed into a spiral, to fill 
is exposed the annular volume; the spiral broke 

)erature. A up the convection path but permitted 
i the can, the necessary pressure communica- 

D; a radia- tion between the helium gas chamber 
and the manometer and ballast volume. 

In measuring piston displacements it 
is assumed that the upper end of the 

quartz rod (Fig. 3) undergoes the same 
translation as the piston's reflecting 

IVING MECHANISM M surface. This is correct within the 
limits of our measurement error. Ac- 

>L. BEARING 

tually, with the lower assembly in 
thermal equilibrium at 10?K, if the 

displacement is 1 centimeter upward 
BASE PLATE L 

and thermal equilibrium is again at- 
BING tained, the end of the quartz rod will 

have been displaced by approximately 
1 centimeter. The departure from this 

ig the acous- 1-centimeter measurement will be the 
change in length of a centimeter of 

fused quartz when its temperature is 
raised from 10?K to room tempera- 
ture. A report by Gibbons (17) indi- 
cates that this correction might be less 
than a micron, which is approximately 
the accuracy of our measurements. 

A stainless steel ball is seated on 
the upper end of the quartz rod (Fig. 
3), and above it a calibrated microme- 
ter head is mounted. The micrometer 
head mounting and base plate L are 
both referenced to a rigid plane. All 

components of the length-measuring 
system, which are in both the room- 

temperature and the low-temperature 
parts of the apparatus, are made of 
either Invar or fused quartz to mini- 
mize errors caused by temperature 
fluctuations. An electrical system is 
used to indicate when the micrometer- 
head barrel makes contact with the 
stainless steel ball. Quite obviously, the 
micrometer is never operating under a 
load, since the piston activation is ef- 
fected by the driving mechanism. 

In Fig. 2, one of four germanium 
resistors is shown mounted in the 

cylinder wall. Three of the resistors 
are used to indicate the temperature 
stability of the thermally controlled ap- 
paratus. Since they are also calibrated 

against the acoustically determined ab- 
solute temperatures, they "retain" the 

temperature scale and can be used as 

secondary thermometers in future cali- 
brations. The fourth resistor serves as 
a temperature sensor. It connects with 
outside controls that automatically reg- 
ulate the heater-coil power to achieve 
necessary temperature control of vari- 
ous components. 

Experimental Operation 

After precautionary flushings with 
helium gas, the acoustical-thermome- 
ter gas space (which includes the 
ballast volume, the manometer, and 
the manifold) is filled to a pressure 
slightly below atmospheric pressure. A 
small amount of helium exchange gas 
is admitted to the vacuum can, and 
the low-temperature portion of the ap- 
paratus is cooled by means of liquid 
nitrogen. After 4 hours, a liquid- 
helium transfer is initiated. When the 
transfer has been completed, the pres- 
sure of the helium bath is placed un- 
der manostatic control and maintained 
above ambient pressures. 

When the bath has become stabilized 
and the electrical circuits have been 
monitored, the temperature desired for 

159 



measurements is approached. The re- 
sistance of the germanium sensor is 
dialed on the Wheatstone bridge, and 
the temperature regulator assumes 
control of the system. For a number 
of possible reasons a slight loss of 
control can occur, but this can be off- 
set by infrequent manual corrections 
to the Wheatstone bridge setting, 
made in accordance with the tem- 

perature indicated by the germanium 
secondary thermometers. In this man- 
ner the interferometer temperature is 

easily controllable to ?0.002?K for 
hours. After an operating tempera- 
ture has been achieved, the pressure 
of the thermometric helium gas is 

gradually increased or reduced to a 
desired value. Next, the quartz crystal 
is energized at its resonance frequency 
(18), and its voltage is monitored. 
When the piston is advanced at a uni- 
form rate toward the quartz crystal, 
the voltage rises to a sharp maximum 
each time a standing wave exists in 
the gas. 

The Invar spindle (M of Fig. 3) 
is then turned to raise the piston to a 
point where its lower reflecting-sur- 
face is about 1.7 centimeters above 
the opposing quartz-crystal face, and a 

standing wave exists in the gas. Since 
this operation is accompanied by a 
flow of gas into the volume between 
the quartz crystal and the reflecting 
surface (Fig. 2), the temperature will 
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change and the experimenter must wait 
several minutes until it returns to the 

temperature control point. Then by 
means of the micrometer head the po- 
sition of the stainless steel ball that is 

atop the quartz rod is determined. 
At least two independent readings are 
made at each measured resonance 

point: after the initial reading the mi- 
crometer contact-surface is raised, the 

piston is intentionally slightly dis- 

placed, the piston position for reso- 
nance is redetermined, and another mi- 
crometer reading is made. Following 
this, the piston is moved toward the 

crystal through a definite number of 
resonance points (an interval of 40 

half-wavelengths is often used); this 
downward motion is terminated at a 
resonance point. The micrometer head 
is then advanced downward to deter- 
mine the new position of the stainless 
steel ball. The piston is caused to ap- 
proach the quartz crystal in incremen- 
tal steps, and other micrometer mea- 
surements of the position of the ball 
are made. From these measurements 
an average wavelength may be calcu- 
lated and, consequently, the speed of 
sound through the gas also, since the 
resonance frequency of the quartz 
crystal is known from continuous 
measurements. The gas pressure is also 

systematically observed and recorded 

during this procedure, so a value for 
average pressure is obtained. The 
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Fig. 4. A comparison, with values of the T.S scale, of temperatures derived from (i) 
pressure-volume isotherm measurements, (ii) gas thermometry measurements, and (iii) 
acoustical-thermometer measurements (19). (Open circles, plain or bisected) Gas- 
thermometer values [Schmidt and Keesom (20)]; (solid circles) gas-thermometer values 
[Kistemaker (21)]; (crosses) isotherm values [Kistemaker (21)]; (open triangles) gas- 
thermometer values [Berman and'Swenson (22)]; (open squares) He4 isotherm values 
[Keller (23)]; (solid squares) He8 isotherm values [Keller (23)]; (solid triangles) prelim- 
inary acoustical-thermometer values [Cataland et al. (24)]; (solid diamonds) acoustical- 
thermometer values obtained in the work described. Tx represents actual values of 
temperature as determined by the experimenters. 
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Fig. 5. A comparison between the acous- 
tically derived temperature scale [NBS 
Provisional Scale 2-20 (1965)] and the 
NBS (1955) temperature scale (25). The 
difference in the values of the two scales, 
as indicated by two germanium resistors, 
is plotted as a function of the Kelvin 
temperature. 

values for speed and corresponding 
pressure determine one point on an 
isotherm. To obtain an additional 
point, the pressure is changed, in gen- 
eral a slightly different frequency is 
ascertained (the resonance frequency 
of the quartz crystal varies slightly 
with the pressure of the surrounding 
gas), and the measurement proceeds as 
described above. 

Results and Conclusions 

The acoustical thermometer has 
been used to determine isotherms of 
He4 gas at approximately every degree 
from 2? to 20?K. While the repro- 
ducibility of points on an isotherm is 
?0.003?K, we are not proposing a 
value for the accuracy (with respect 
to the thermodynamic temperature 
scale) of temperature values derived 
from the isotherms. Rather, a compari- 
son has been made between the tem- 
perature values obtained with our ap- 
paratus and those given on provisional 
scales, in regions where there is an 
overlap. The regions of overlap 
are 2? to 5?K, with the T,, He4 

vapor pressure scale (2), and 11? to 
20?K, with the National Bureau of 
Standards Provisional Scale (19). The 

comparison was afforded by secondary 
germanium resistance thermometers 
calibrated against the three scales. The 
results are given in Figs. 4 and 5. 

From the comparison with the ex- 

perimental values for temperature 
upon which the T-,s scale is based- 
that is, values in the range 2? to 
5?K-it appears that the speed-of-sound 
approach to thermometry is at least 

competitive in accuracy with other 
methods that have 'been employed in 
this temperature range. 

From the comparison with values 
in the higher temperature range (11? 
to 20?K) (Fig. 5), it appears that the 
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deviation of our values from those of 
the NBS (1955) scale is, in general, 
within the limits of accuracy (from 
+0.01? to ?0.02?K) stated for that 
scale. The lowest point, at 11?K (a 
difference of -0.01 ?K), may indicate 
an actual deviation between the two 
scales. 

The acoustical thermometer has 
made a worthwhile contribution to 
absolute thermometry in regions below 
20?K. It has resulted in the establish- 
ment of a provisional scale [NBS 
Provisional Scale 2-20 (1965)], which 
covers a hitherto uncharted range of 
temperature (5? to 10?K); calibrations 
against NBS Provisional Scale 2-20 
(1965) have been performed for nearly 
a year. It is expected that the instru- 
ment will find more extensive absolute- 
thermometry uses and will be valuable 
in the investigation of other problems 
in the field of low-temperature re- 
search. 
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The juxtaposition of the words re- 
search and music may seem curious 
to many scientists. On the other hand, 
as one of us (L.H.) has remarked 
(1, p. 11), "music has been a subject 
of considerable fascination to phi- 
los,ophers and mathematicians, even 
often being classified as a form of 
mathematics and thus considered to re- 
veal natural law in terms of mathe- 
matical logic. . . . [If] this attitude 
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strikes many of us as a bit peculiar 
today, perhaps it is . . . largely a 
consequence of the rather extreme 
views developed during the period of 
the nineteenth century Romantic tra- 
dition." In effect, we can say that mu- 
sic is more than a form of entertain- 
ment, that it can be subjected to ra- 
tional investigation, the results of 
which contribute significantly to our 
knowledge of human communication. 
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This coupling of the concepts of 
music and research seems to be on 
the increase today; this has come about 
particularly since the end of World 
War II, when electronic techniques be- 
gan to have their first really strong 
impact on music considered as a crea- 
tive activity. At present this growing 
congruity of concepts is not only 
changing the thinking of creative peo- 
ple in the field of music but also at- 
tracting professional people from oth- 
er fields-notably technical ones like 
electrical engineering and mathemat- 
ics. 

Research in music today extends 
well beyond historical documentation. 
the traditional subject of musicologi- 
cal research. It includes new work in 
acoustics and music theory and in- 
corporates applications of new theo- 
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