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Recently measured sound-velocity data were used to completely determine the thermodynamics of superfluid
helium at all temperatures above 1.2 K and at all pressures in the He II phase. The sound-velocity data
consisted of first-, second-, and fourth-sound velocities measured simultaneously at more than 400 points in
the P-T plane. Equations of two-fluid hydrodynamics and a small amount of published data were used to
convert the sound velocities to thermodynamic quantities. Because of the high precision of the data (0.2%)
and the fine mesh of data points, it was possible to obtain continuous functions (of the variables P and T) for
the density, thermal-expansion coefficient, normal-fluid fraction, entropy, specific heats, and compressibility of
He II. As an additional feature the correct asymptotic behavior near the A line was incorporated into the
thermodynamic functions. These functions were used to generate tables of the thermodynamic quantities and
smoothed values of the sound velocities. The precision of the results, typically 0.3%, represents an order-of-
magnitude improvement over a significant portion of the existing data and has eliminated some discrepancies

as large as (10-15)%.

I. INTRODUCTION

In the preceding paper'? we reported simulta-
neous measurement of the velocities of first, sec-
ond, and fourth sound® (C,, C,, and C,, respec-
tively) in superfluid helium at more than 400 points

in the He II phase diagram. Here we use these data

to completely determine the thermodynamics of
He II at temperatures from 1.2 K to the x transi-
tion temperature 7', and at all pressures from the
saturated vapor pressure (SVP) to 25 bar.

The sound velocities determine directly the im-
portant thermodynamic derivatives that can be in-
tegrated to give the temperature and pressure de-
pendence of the thermodynamic quantities. The
constants of integration can be found from the ex-
pansion coefficient B, =~(1/p)(8p/8T), along the
SVP line and the entropy and density at a single
point at SVP. Only one thermodynamic quantity
must be found by numerically taking a derivative,
a procedure that is usually considered as yielding
imprecise results. However, by using a Maxwell
relation, this derivative can be calculated from
the sound data in two independent ways. Hence
the sound velocities contain an intrinsic cross
check on the only weak calculation.

By using acoustic resonators, the sound veloc-
ities were measured to 0.2% precision. Data were
taken in 50-mK steps from 1.2 K to within 10" K
of T, and in 1-bar steps from SVP to 25 bar. Tem-
perature was measured to within 1 mK, and pres-
sure was accurate to within 0.1%. Because of the
good precision and the fine mesh of data points it
was possible to convert the data to continuous
thermodynamic functions to a precision of typically
0.3%. Since the sound velocities were measured
simultaneously in one experiment, and since data
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from outside experiments are needed only at SVP,
the thermodynamic functions are completely self-
consistent and suffer no problems due to conflic-
ting systematic errors between different experi-
ments.

In analyzing the sound data, we made use of a
Landau elementary excitation theory? and a law of
corresponding states® for the Landau parameters.
As a result, most of the temperature dependence
of the thermodynamic functions occurs explicitly
in the statistical-mechanical expressions, and
most of the pressure dependence is accounted for
by expressing parameters as functions of the re-
duced temperature 7 /T, (P) where T,(P) is deter-
mined along the isobar P. By doing this, we have
avoided the problem of using high-order poly-
nomials to fit data, and the resulting thermody-
namic functions and especially their derivatives
have more physical significance.

Since the sound data approached T, to within
10" K, they just reached the critical transition
region near the X line. The asymptotic behavior
of the thermodynamic quantities as T — T, has been
theoretically*” and experimentally®~'? investigated.
We have used available A-line information and in-
corporated the correct asymptotic limits in our
thermodynamic functions.

Thus, by using sound-velocity data, a small
amount of data at SVP, and the asymptotic be-
havior near the ) line, the thermodynamics of
superfluid helium above 1.2 K is completely de-
termined. In Sec. II of this paper we outline the
theory involved in calculating the thermodynamics
from the sound velocities. In Sec. III we show how
our sound data were used to find continuous func-
tions (of P and T') for the density p, the expansion
coefficient g,, the normal-fluid fraction p,/p, the
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entropy S, the specific heat at constant pressure
C,, the ratio of C, to the specific heat at constant
volume (y =C,/C,), and the isothermal compressi-
bility k. In Sec. IV we present tables of the ther-
modynamic quantities and the sound velocities cal-
culated from the thermodynamic functions. The
calculated velocities reproduce the measured ve-
locities to well within the experimental precision
and can be taken as a smoothing of the experimen-
tal data.

In Sec. V we compare the present results with
the thermodynamic data from previous experi-
ments. It is found that the tables represent nearly
an order-of-magnitude increase in precision over
a significant part of the existing data.

In Sec. VI we study the results in regard to the
Landau elementary excitation theory, the law of
corresponding states, and the Tisza approxima-
tion.!®

II. THERMODYNAMICS FROM THE SOUND VELOCITIES
A. Two-fluid hydrodynamics

The relationship between the sound velocities
and the thermodynamic functions is contained in
the velocity expressions derived in the two-fluid
hydrodynamic theory.!* The fundamental assump-
tions of this theory and an outline of the deriva-
tion of the sound-velocity expressions are given
in Ref. 1(b). The results, to first order iny -1,
are:

C%:C?O{l"'[('}’ - 1)/7’1020/((:?0_6‘20)}, 1)
C§=C§¢)[1+(7— 1)C§o/(Cfo—C§0)], 2)
C;=Ci(1-p,/p+t", (3)
where
2 _(3P) __ (2P
C10_<ap>s 7<8p>T’ 4)
Ci=[(p,/p)* - 1]TS?/C, (5)
and
s Pn(Co0\*(1 _2B,Clo
¢ W(ﬁ) <1 ¥S ) ©

If we add to this list of equations, the thermo-
dynamic identities

asS
crr(2)
+and
y=1+(T/C,)B,C,), (8)

then it can be seen that Eqs. (1)-(8) contain only
the sound velocities, p,/p, S, p, and the first
derivatives of S and p with respect to P and T.

Thus the equations form a set of coupled partial
differential equations which in principle can be
solved to give S, p, and p,/p in terms of C,, C,,
and C,. In order to obtain unique solutions, we
must have some constants of integration. We shall
see in Sec. II B that it is sufficient to know B, along
the SVP line, and S and p at one point.

In order to completely specify the thermodynam-
ics of He II, one must include the thermodynamic
variable'® (¥,- ¥,)?, where ¥, and ¥, are the nor-
mal and superfluid velocity fields, respectively.

If one knows the sound velocities and integration
constants in terms of these variables, then one
can find p, S, and p,/p in terms of P, T, and

(¥,~- ¥,)?. It is then possible to integrate the ther-
modynamic relations

%= (g%) T, @2 ©)

i} —(g—;‘L)P. AR A o)

to obtain the chemical potential p. The constant of
integration can be found by assuming that p at SVP
and low temperature is equal to the chemical po-
tential of its ideal-gas vapor. Once p as a function
of P, T, and (V,- ¥V,)? is found all the thermody-
namics of superfluid helium are known since all
the thermodynamic quantities can be expressed

in terms of p and its derivatives.

It is usually assumed that the dependence on the
variable (¥, - ¥,)? is weak, except as indicated in
Eq. (11). There is some evidence'® that the depen-
dence of p, on (¥ ,~ ¥,)* is below present-day ex-
perimental resolution. We shall ignore the ther-
modynamic variable (¥, - ¥,)? and assume that
knowledge of S, p, and p,/p as functions of P and
T is sufficient to completely determine the thermo-
dynamics of He II.

There is another thermodynamic equation that has
not been used with the sound-velocity equations:
the Maxwell relation

1/8p as

B(ﬁ),, - ”(ﬁ)T - 12)
If this equation is used, it is not necessary to know
all of the sound velocities at all pressures and

temperatures. This will be made clear in Sec.
IIB.

B. Simplifications

The sound-velocity equations can be simplified
by using the fact that for all pressures and tem-
peratures the quantity
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('}’ - l)Cgo/(Cfo - Cgo)

is less than 2 X 10™%. Hence for a precision of
0.02% this term in Egs. (1) and (2) can be ignored.
The sound-velocity equations can now be re-
written

2_ 8P

Cc3=(1 +5)(—5)T, (13)

Ci=[(p,/p)* -1]TS?/C,, (14)

Ci=Cil-p,/p+?), (15)
where

6=y -1)=(T/C,)(C,B,)* (16)
and

5(E - 26),

The quantities & and ¢ are small, affecting the
sound velocities by at most 10%. Although this is
too large to ignore, we can take advantage of the
small influence of these quantities and solve the
equations by iteration. Thus, existing thermo-
dynamic data can be used in Egs. (16) and (17),

and 6 and ¢ can be considered as known functions
of P and T. Equations (13)-(15) can now be written

9p) _1+5

(55), -2t (e
1(88) 1 cz\* ]
5(57), e (ee-)" 1), o
pn/p=1+§—ci/ciy (20)

where C,=T(8S/8T), has been used. Since every-
thing on the right-hand side is assumed known,
then p,/p is found directly and p and S can be found
by integrating Eqs. (18) and (19). The required
constants of integration can be taken in several
ways, but a suitable choice is to use the expansion
coefficient along the SVP line, Bgyp (T), and the
entropy and density at a single point on the SVP
line, S(SVP,T,) and p(SVP,T,). Thus

P 1+6

= dP 21
p(P,T) p(svp,T)+f P, (21)

SvVp

where
T
p(SVP,T)=p(SVP,TO)exp(- L Bm(T)dT).
0

Once p(P,T) is known, the Maxwell relation [Eq.
(12)] can be integrated to obtain the entropy

P 1(ap
S(P,T)=S(SVP,T) + fsvpsg<8—T-)Pdp. 22)

To find S(SVP, T') it is necessary to use Eq. (19)

and the C, data at SVP only
S(SVP, T) =) wrer
’ S(svp,T,)

_ L:c_lg [<1+;-g—§>-1—1]dT}-1. 23)

[Equation (23) is exact for isobars; along the SVP
line it is accurate to 0.05%.] Thus the minimum
amount of data required to completely determine
the thermodynamics is C, and C, at all P and T,
C, and g, at SVP, and p and S at one point on the
SVP line.

When experimental sound data are being used,
Eq. (22) is not used to determine S since it re-
quires numerically taking a derivative to obtain
(8p/8T)p:

Lol o

It is far preferable to use Eq. (19) and the C, data
at all P and T to obtain S. In this case Eq. (22) can
be used along the isotherm T, to obtain the constant
of integration required by Eq. (19).

When the new thermodynamic functions p(P,T)
and S(P, T) have been determined, then § and ¢ can
be recalculated and the entire procedure repeated.
The iteration can be continued until the “input” and
“output” thermodynamic functions agree to within
an arbitrary precision. Because of the weak in-
fluence of 6 and ¢, only two iterations are neces-
sary to obtain 0.3% precision in p and S.

C. Summary and comments

The scheme for obtaining the thermodynamic
functions p(P,T) and S(P,T) from the sound ve-
locities is illustrated in Fig. 1. The quantities
Bsvp (T') and p(SVP, T,) determine p along the SVP
line and C, determines its variation with pressure
along the isotherms. The Maxwell relation [Eq.
(12)] and S(SVP, T,) determine S along the isotherm
T, and C, and C,/C, determine its variation with
temperature along the isobars. It should be noted
that the sound velocities determine the major vari-
ations of p and S with respect to P and T. That is,
p varies by only 1 to 2% with temperature, but by
20% with pressure, and first sound determines its
pressure variation. Similarly, S varies by a factor
of only 2 with pressure, but by a factor of 30 with
temperature (above 1.2 K), and the sound velocities
determine its temperature variation.

When the thermodynamic quantities are deter-
mined from actual sound-velocity measurements,
it is significant that the thermodynamic deriva-
tives C, and k5 are found directly without the use
of numerical derivatives. Thus the precision of
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FIG. 1. Determination of the density and entropy from
the sound velocities. First sound gives the pressure de-
pendence of p; second and fourth sounds give the tem-
perature dependence of S. Quantities Bgyp(T), o(SVP, T}),
and S(SVT, T;) are required for constants of integration.

these quantities is of the same order as that of the
sound velocities. The only primary derivative

that is not determined directly is the thermal ex-
pansion coefficient B,. However, because of the
Maxwell relation [Eq. (12)], 8, can be found from
(8p/8T), involving a numerical derivative of C,,

or from (8S/8P), involving numerical derivatives
of C, and C,/C,. Hence the sound velocities con-
tain an intrinsic cross check on the only numerical-
ly imprecise calculation.

Experimentally there are some significant ad-
vantages in measuring sound velocities. By using
acoustic resonators, the velocities can be mea-
sured to high precision. Only the length of the
resonator and the scattering correction for fourth
sound are needed to normalize the data. No special
low-temperature techniques are required and the
pressure and temperature variables can be mea-
sured in a straightforward manner.

III. ANALYSIS OF THE SOUND DATA
A. Objectives

In analyzing the sound-velocity data, we con-
sidered the following objectives:

(a) We wished to use the fine mesh of sound-ve-
locity data points of the preceding paper to ob-
tain p, S, and p,/p as continuous analytic functions
of P and T. Thus the derivatives C, and B, could
be calculated exactly, and all the thermodynamic
quantities could be found at arbitrary P-T points.
These smooth thermodynamic functions, when in-
serted into the sound-velocity expressions [Egs.
(13)-(15)], would be required to reproduce the
experimental sound-velocity data to within the
precision of the measurements. The thermody-
namic functions would be normalized to give
Bsvp (T), S(SVP,T,), and p(SVP,T,) as measured
in other experiments.

(b) The thermodynamic functions should have the
correct asymptotic limits as T — T, built in.

(c) As a test of the thermodynamic functions, the
only derivative not determined directly by the
sound-velocity data, 8,, would be compared with
the direct measurements of other experiments.

B. Curve fitting

Since we wish to obtain continuous functions for
the thermodynamic quantities, it is necessary to
use some curve fitting with polynomials. In order
to fit directly data that vary over a large range to
a precision of 0.2%, it is necessary to use high-
order polynomials. The problem of including the
correct asymptotic limits increases the order.
However, there are serious problems in using
high-order polynomial fits. Such fits tend to
“curl” near the end points; past the end points
the fit might display totally unphysical behavior
and could definitely not be used for extrapolations.
The interior of the fit might also have small
ripples that, although negligible in the original
fit, may result in an unphysical structure in the
derivative. The curling near the endpoints can
produce large errors in the derivative. It is ad-
vantageous to avoid using high-order polynomials
and use some fit based on more physical ideas.
Hence we have used a parametrized Landau ele-
mentary excitation theory and the law of corre-
sponding states to obtain continuous functions for
p./P, S, C,, and B,. These theories have a fur-
ther benefit in providing a natural means of in-
cluding the correct asymptotic behavior.

C. Landau theory

In the Landau theory, the thermodynamic prop-
erties of He II are calculated by treating the liquid
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as a system of elementary excitations with a known
energy spectrum [excitation energy as a function
of momentum, E(p)]. Basic statistical-mechanical
expressions can be used to find S and p,/p from
E(p). It is possible to measure E(p) directly with
neutron scattering and use this information to find
the thermodynamic functions. This procedure has
been thoroughly investigated.!”™™! Unfortunately,
the thermodynamic functions are extremely sen-
sitive to the excitation spectrum, and the neutron
data are insufficient to accurately determine the
thermodynamics over the entire P-T plane.

In our use of the Landau theory, we parame-
trized the excitation spectrum and adjusted the
parameters to obtain thermodynamic functions,
which subsequently fit the sound-velocity data.
For E(p), we used a smooth curve determined by
the velocity of first sound, a maximum E_,, at a
momentum p,,.=1.1 A", and a parabolic minimum
A (the roton energy-gap parameter) at a momen-
tum p, with an effective roton mass . The details
of the parametrization of the excitation spectrum
and the Landau theory calculations are given in
the Appendix.

The parameters p, and (. were taken from the
neutron scattering measurements of Dietrich et
al.®® and were not adjusted in the fit. Only two
parameters, E .. and &, were adjusted; A was
adjusted because it is the most critical parameter
in the theory; it was necessary to adjust E_,, be-
cause its temperature dependence was not avail-
able in the published neutron scattering data.

The Landau theory has been extended to include
interactions among the elementary excitations.?
The result is simply that the excitation spectrum
parameters can be taken as functions of tempera-
ture. However, the temperature dependence is
weak; most of the temperature dependence of the
thermodynamic functions is contained explicitly
in the statistical-mechanical expressions. This
is the tremendous advantage in using the Landau
theory: the parameters E_,, and A can be fit with
low-order polynomials in 7. The Landau theory
supplies the main temperature dependence of the
thermodynamic functions and thus prevents un-
physical structure from appearing in the deriva-
tives.

D. Law of corresponding states

The roton energy-gap parameter, &, plays a
role in the Landau theory similar to that of the
energy gap 4, in the theory of superconductivity.
It has been found that A, obeys a law of corre-
sponding states.?? That is, for different super-
conductors or for superconductors under pres-
sure, the reduced energy gap A./kT, is a univer-

sal function of the reduced temperature T/T,,
where T, is the superconductor’s critical temper-
ature and % is Boltzmann’s constant. For He II,
we might expect similar behavior. Thus as one
varies temperature along any isobar, He II passes
through a sequence of corresponding states such
that the reduced Landau excitation spectrum pa-
rameters, A/kT, and E_, /kT,, are universal
functions of T/T,. Here T, would be determined
by the isobar: T,(P). If this were strictly true,
then all of the pressure dependence of the thermo-
dynamic functions would be given implicitly by
T,(P) in the various universal functions. If it is
not strictly true, we can still expect that the pres-
sure dependence of the reduced parameters can be
fit with low-order polynomials.

E. Asymptotic limits

Neutron scattering experiments indicate that
most of the temperature variation of the excita-
tion spectrum occurs near T,, and this is the
place where A and E ., have their greatest influ-
ence on S and p,/p. This fact and the law of cor-
responding states make A and E_,, ideal for in-
cluding the asymptotic behavior.

Scaling laws indicate that as T - T,

S=S, +Ac Ine , (25)
py/p=1-p,/p=R'"€3, (26)

where e =1- T/T,. These limits have been experi-
mentally investigated along the X line,!™!? and the
quantities S,, A, and &’ have been determined as
functions of P. In the Landau theory, these limits
can be realized by giving A/kT, and E_, /kT, the
following leading terms:

A/RT,=0,/kT, +D,€?/?+ D, € Ine , (27)
E0/kTy=E\/kT, + E,;€?/* + E € Ine . (28)
The six coefficients 4,, E,, D,,, D, ., E,;, and

E,, are uniquely determined as functions of P by
the expressions (25) and (26) and the Landau theo-
ry. The details are given in the Appendix.

The quantities p and C,, although not fit using
the Landau theory, were given polynomial fits
incorporating the correct asymptotic behavior.
The leading terms in the expression for the density
p were

p=p,+Relne. (29)

The quantity R as a function of P was taken so as
to give the correct asymptotic behavior of 8, as
measured by Elwell and Meyer.*® The quantity
p, was found using the expression given in the 1
line work of Kierstead.?®

The asymptotic behavior of C, is given by the
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Pippard-Buckingham- Fairbank relation,*
C,=C}+C/C,=C}+C/(B - Alne). (30)

We have determined C}, C, and B as functions of
P from Greywall and Ahlers.!* In all of the ex-
pressions involved in the asymptotic limits and the
law of corresponding states, T,(P) is found by in-
verting the expression for P(7,) in the reference
by Kierstead.”® For reference, values of various
quantities along the X line are given in Table I.

F. Analysis procedure

To begin, the thermodynamic data of Refs. 23
and 26-28 were used to obtain the initial values
of 6 and ¢{. Then Eq. (21) was used to find p(P, T).
For the normalization data we used p(SVP, T,
=1.2 K)=0.1452 gcm™ and B4,p(7) from Ref. 28.
For convenience in subsequent calculations involv-
ing p and C,, and in order to include the asymp-
totic limits [Eqs. (29) and (30)], the data were fit
with the following expressions:

p(P,T)=p, +Re ln€ +A e + A2, (31)
C 3
—r —
C1(P, T)—CI+B—A1n€+€<"E__ Bn€">° (32)

TABLE I. Values of the transition temperature T,,
density p,, first-sound velocity ¢}, and entropy S, along
the A line. T, and p, are from Kierstead (Ref. 25); C}
and S, are from Ahlers (Ref. 12).

P T, P ct Sx
(bar) x gem™)  (msec’)  @g'K
svp 2.172 0.1462 217.1 1.559

1 2.163 0.1481 225.3 1.538

2 2.154 0.1499 233.4 1.517

3 2.143 0.1517 241.0 1.496

4 2.133 0.1533 248.1 1.477

5 2.122 0.1548 254.8 1.459

6 2.111 0.1563 261.0 1.442

7 2.099 0.1577 266.9 1.425

8 2.087 0.1590 272.5 1.409

9 2.075 0.1603 277.7 1.394

10 2.063 0.1615 282.6 1.379
11 2.051 0.1627 287.3 1.365
12 2.038 0.1638 291.8 1.351
13 2.025 0.1649 296.0 1.337
14 2.012 0.1660 300.1 1.324
15 1.998 0.1671 303.9 1.311
16 1.985 0.1681 307.6 1.298
17 1.971 0.1691 311.1 1.286
18 1.957 0.1701 314.5 1.273
19 1.942 0.1710 317.7 1.261
20 1.928 0.1719 320.7 1.249
21 1.913 0.1728 323.6 1.237
22 1.897 0.1737 326.3 1.225
23 1.882 0.1746 328.8 1.213
24 1.866 0.1755 331.1 1.201
25 1.850 0.1763 333.3 1.189

With the coefficients in the Appendix, these ex-
pressions fit the actual data to within 0.05%. How-
ever, the derivative (3p/8T), was found using Eq.
(21) rather than (31).

Next the parametrized Landau theory was used
to fit the C, and C, data. To include weak pres-
sure and temperature dependence in the adjustable
Landau parameters, terms involving cubic poly-
nomials in € were added to expressions (27) and
(28). An additional term was added to normalize
the entropy along the isotherm T,. The complete
expressions for the adjustable Landau parameters
were

& % D €/5:D, ¢lne+De +€2< > D e">
k N ka 23 In ; n ’

(33)

3
I;’;?::%+E23€2/3+D,n€ Ine +€<"ZO E,,e") . (34)

At each pressure, the cubic polynomials in large
parentheses were adjusted in a least-squares pro-
gram to fit C, and C,. Then the coefficients D,
and E, were fit with cubic polynomials in pressure.
The coefficient D, adjusted to normalize the en-
tropy, was also fit with a cubic polynomial in P.
The normalization point S(SVP, T,=1.2 K)
=0.0515 Jg™ K™ was taken as the average of Refs.
26 and 28.

When all the coefficients were determined, ex-
pressions (33) and (34) were used in the Landau
theory to calculate S, p,/p, C,, andB,. Then new
values of 6 and { were calculated and the entire
procedure was repeated. After the second itera-
tion, there was no significant change in any of the
thermodynamic quantities. The final forms of ex-
pressions (33) and (34) were used to generate
S(P,T) and p,/p(P, T) and their derivatives.

It was found that by adjusting only cubic poly-
nomials in the Landau theory it was possible to
fit the C, and C, data at elevated pressures (~ 800
data points) to within 0.2% precision. This is a
remarkable result and certainly could not be ob-
tained using direct polynomial fits to the sound
and thermodynamic data. Thus the parametrized
Landau theory was a powerful tool in the analysis.
For the SVP f{it, the coefficients required very
slight modifications of the cubic fit. The final
form of all the coefficients is given in the Appen-
dix.

IV. RESULTS
A. Thermodynamic tables

The results of the sound-velocity analysis are
presented in Table II. The mass density p(P, T)
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TABLE II. Density p, thermal expansion coefficient §,, normal-fluid fraction p,/p, entropy S, specific heat C,, spe-
cific-heat ratio v, isothermal compressibility «, and first-, second-, and fourth-sound velocities (C,, Cy, C,) at various
temperatures and pressures (T, P) in the Henl phase. The entries are self-consistent in that thermodynamic identities
leg. C,=T(8S/0T)p, B,=—p(dS/8P)7] and the sound-velocity equations are obeyed exactly. The functions which gener-
ated the tables had the correct asymptotic behavior as 7— 7', built in.

T P -1036p S Cp 10% g % Cy ¢y
(K) (gem™3) (K™Y pn/P (Jg k™) @g'KY) 10%y-1) (bar™!) (msec”!) (msec™!) (msec™?)
P=0.0
1.20 0.1452 0.02 0.0283 0.0515 0.318 0.000 1.222 237.4 18.55 234.0
1.25 0.1452 0.42 0.0368 0.0663 0.408 0.003 1.225 237.1 18.78 232.8
1.30 0.1452 0.78 0.0472 0.0843 0.515 0.009 1.228 236.8 19.03 231.2
1.35 0.1452 1.11 0.0598 0.1060 0.641 0.015 1.231 236.5 19.30 229.4
1.40 0.1453 1.45 0.0748 0.1319 0.786 0.021 1.236 236.1 19.58 227.2
1.45 0.1453 1.84 0.0924 0.1623 0.953 0.029 1.240 235.6 19.84 224.7
1.50 0.1453 2.32 0.1131 0.1978 1.142 0.039 1.245 235.2 20.07 221.7
1.55 0.1453 2.91 0.1369 0.2387 1.357 0.053 1.251 234.6 20.25 218.3
1.60 0.1453 3.62 0.1643 0.2855 1.598 0.072 1.257 234.0 20.37 214.3
1.65 0.1453 4.44 0.1955 0.3387 1.869 0.095 1.264 233.4 20.41 209.8
1.70 0.1454 5.30 0.2310 0.3990 2,174 0.119 1.272 232.7 20.36 204.6
1.75 0.1454 6.17 0.2712 0.4668 2.514 0.142 1.281 231.9 20.19 198.6
1.80 0.1454 7.00 0.3166 0.5429 2,896 0.162 1.291 231.0 19.89 191.7
1.85 0.1455 7.79 0.3677 0.6279 3.323 0.178 1.302 230.0 19.43 183.7
1.90 0.1455 8.63 0.4253 0.7228 3.804 0.195 1.315 228.8 18.78 174.4
1.95 0.1456 9.79 0.4901 0.8285 4,351 0.222 1.331 227.4 17.89 163.5
2.00 0.1457 11.72 0.5632 0.9465 4,990 0.281 1.350 225.8 16.69 150.4
2.05 0.1458 15.09 0.6469 1.0791 5.791 0.405 1.373 224.0 15.00 134.4
2.10 0.1459 19.61 0.7484 1.2316 6.972 0.570 1.401 221.8 12.39 112.6
2.15 0.1460 22.85 0.8856 1.4162 8.723 0.619 1.434 219.2 7.99 75.1
P=1.0
1.20 0.1469 0.44 0.0291 0.0517 0.325 0.004 1.133 245.0 18.14 241.5
1.25 0.1469 0.88 0.0380 0.0667 0.415 0.014 1.135 244.8 18.41 240.2
1.30 0.1470 1.34 0.0489 0.0850 0.523 0.027 1.137 244.6 18.70 238.7
1.35 0.1470 1.83 0.0620 0.1071 0.649 0.042 1.140 244 .4 19.00 236.8
1.40 0.1470 2.35 0.0775 0.1332 0.795 0.058 1.143 244.0 19.28 234.6
1.45 0.1470 2.93 0.0958 0.1640 0.964 0.077 1.147 243.7 19.55 232.0
1.50 0.1470 3.58 0.1170 0.1999 1.155 0.099 1.151 243.2 19.78 228.9
1.55 0.1470 4,33 0.1416 0.2412 1.372 0.125 1.156 242.7 19.96 225.3
1.60 0.1471 5.18 0.1698 0.2886 1.617 0.156 1.161 242.2 20.07 221.2
1.65 0.1471 6.12 0.2020 0.3424 1.890 0.191 1.167 241.6 20.11 216.4
1.70 0.1472 7.15 0.2386 0.4033 2,196 0.230 1.174 240.9 20.05 210.9
1.75 0.1472 8.25 0.2799 0.4718 2.537 0.270 1.182 240.1 19.87 204.5
1.80 0.1473 9.35 0.3266 0.5485 2,920 0.308 1.191 239.2 19.56 197.2
1.85 0.1473 10.53 0.3790 0.6343 3.349 0.348 1.201 238.2 19.08 188.7
1.90 0.1474 11.91 0.4379 0.7299 3.836 0.394 1.213 237.0 18.40 178.8
1.95 0.1475 13.70 0.5040 0.8366 4,399 0.462 1.227 235.6 17.47 167.2
2.00 0.1476 16.38 0.5787 0.9562 5.071 0.580 1.244 234.0 16.20 153.3
2.05 0.1477 20.70 0.6644 1.0914 5.927 0.799 1.266 232.2 14.43 136.1
2.10 0.1478 27.65 0.7679 1.2480 7.161 1.186 1.294 230.0 11.75 112.4
2.15 0.1480 41.51 0.9093 1.4387 9.313 2.056 1.334 227.4 6.91 69.7
P=2.0
1.20 0.1486 0.78 0.0302 0.0521 0.332 0.014 1.058 252.3 17.76 248.5
1.25 0.1486 1.25 0.0395 0.0674 0.423 0.029 1.059 252.1 18.07 2417.2
1.30 0.1486 1.76 0.0509 0.0861 0.532 0.048 1.061 252.0 18.39 245.6
1.35 0.1486 2.31 0.0645 0.1085 0.659 0.070 1.062 251.8 18.70 243.7
1.40 0.1486 2.91 0.0806 0.1350 0.807 0.093 1.065 251.5 19.00 241.4
1.45 0.1486 3.57 0.0995 0.1662 0.976 0.119 1.068 251.2 19.27 238.6
1.50 0.1487 4.30 0.1214 0.2025 1.170 0.149 1.071 250.8 19.51 235.4
1.55 0.1487 5.11 0.1468 0.2444 1.390 0.183 1.075 250.3 19.68 231.7
1.60 0.1487 6.02 0.1758 0.2924 1.637 0.221 1.080 249.8 19.79 227.3

1.65 0.1488 7.04 0.2090 0.3469 1.913 0.265 1.085 249.2 19.82 222,3
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TABLE II (Continued)

T P -10%p S Cp 10% ¢ C, C, C,
(K) (gem™) (K™ Pu/P Jg K™ @glK') 10(y-1) (bar™) (msec”!) (msec”!) (msec™)
1.70 0.1488 8.15 0.2467 0.4085 2.222 0.314 1.092 248.5 19.75 216.5
1.75 0.1489 9.38 0.2892 0.4778 2.566 0.368 1.099 247.7 19.56 209.7
1.80 0.1490 10.74 0.3372 0.5553 2.951 0.428 1.107 246.8 19.23 202.0
1.85 0.1490 12.27 0.3910 0.6420 3.385 0.497 1.116 245.8 18.73 193.0
1.90 0.1491 14.05 0.4513 0.7387 3.880 0.579 1.127 244.6 18.02 182.5
1.95 0.1492 16.27 0.5191 0.8468 4.461 0.685 1.140 243.2 17.04 170.1
2.00 0.1493 19.49 0.5959 0.9683 5.169 0.858 1.156 241.7 15.69 155.2
2.05 0.1495 24.57 0.6845 1.1067 6.091 1.168 1.177 239.8 13.78 136.4
2.10 0.1497 33.19 0.7923 1.2685 7.445 1.754 1.204 237.6 10.91 110.0
2.15 0.1499 59.43 0.9537 1.4719 11.014 3.800 1.256 234.8 4.53 51.5

P=3.0
1.20 0.1501 1.05 0.0313 0.0527 0.339 0.026 0.992 259.2 17.44 255.1
1.25 0.1501 1.54 0.0411 0.0684 0.432 0.046 0.993 259.0 17,77 253.8
1.30 0.1501 2.09 0.0530 0.0874 0.541 0.070 0.995 258.9 18.11 252.1
1.35 0.1501 2.68 0.0671 0.1101 0.670 0.097 0.996 258.7 18.44 250.1
1.40 0.1501 3.32 0.0838 0.1371 0.819 0.126 0.998 258.5 18.75 247.7
1.45 0.1502 4.03 0.1033 0.1688 0.990 0.158 1.000 258.2 19.02 244.8
1.50 0.1502 4.80 0.1260 0.2056 1.186 0.194 1.003 257.9 19.25 241.5
1.55 0.1502 5.67 0.1522 0.2480 1.408 0.234 1.007 257.4 19.42 237.5
1.60 0.1503 6.63 0.1821 0.2966 1.658 0.280 1.011 256.9 19.53 232.9
1.65 0.1503 7.71 0.2163 0.3518 1.937 0.333 1.016 256.3 19.54 227.6
1.70 0.1504 8.92 0.2550 0.4142 2.249 0.393 1.021 255.6 19.46 221.5
1.75 0.1505 10.25 0.2988 0.4843 2,598 0.460 1.028 254.9 19.26 214.4
1.80 0.1506 11.76 0.3480 0.5629 2.988 0.537 1.035 254.0 18.91 206.2
1.85 0.1507 13.49 0.4033 0.6506 3.429 0.628 1.044 252.9 18.38 196.7
1.90 0.1508 15.59 0.4653 0.7486 3.936 0.744 1.054 251.8 17.63 185.5
1.95 0.1509 18.34 0.5350 0.8583 4.535 0.907 1.067 250.4 16.59 172.3
2.00 0.1510 22,08 0.6141 0.9822 5.282 1.143 1.082 248.8 15.15 156.2
2.05 0.1512 27.91 0.7062 1.1242 6.280 1.550 1.102 246.9 13.10 135.6
2.10 0.1514 38.20 0.8203 1.2922 7.803 2.351 1.130 244.7 9.92 105.4

P=4,0
1.20 0.1515 1.28 0.0325 0.0535 0.347 0.040 0.935 265.7 17.16 261.4
1.25 0.1515 1.79 0.0428 0.0695 0.440 0.064 0.936 265.6 17.51 260.0
1.30 0.1515 2.36 0.0551 0.0889 0.551 0.093 0.937 265.5 17.86 258.2
1.35 0.1516 2.98 0.0698 0.1120 0.681 0.124 0.938 265.3 18.20 256.1
1.40 0.1516 3.66 0.0871 0.1394 0.831 0.159 0.940 265.1 18.52 253.6
1.45 0.1516 4.41 0.1074 0.1716 1.005 0.197 0.942 264.9 18.79 250.6
1.50 0.1517 5.23 0.1308 0.2089 1.203 0.238 0.945 264.5 19.02 247.0
1.55 0.1517 6.14 0.1577 0.2519 1.427 0.386 0.948 264.1 19.19 242.9
1.60 0.1518 7.17 0.1886 0.3012 1.680 0,340 0.952 263.6 19.28 238.1
1.65 0.1518 8.32 0.2237 0.3571 1.963 0.403 0.956 263.0 19.28 232.5
1.70 0.1519 9.61 0.2636 0.4203 2,279 0.474 0.961 262.3 19.19 226.0
1.75 0.1520 11.07 0.3086 0.4914 2.632 0.557 0.967 261.6 18.97 218.5
1.80 0.1521 12.71 0.3592 0.5709 3.028 0.653 0.974 260.7 18.60 209.9
1.85 0.1522 14.64 0.4159 0.6599 3.477 0.768 0.982 259.6 18.04 199.8
1.90 0.1523 16.98 0.4796 0.7593 3.998 0.916 0.992 258.5 17.24 187.9
1.95 0.1524 20.07 0.5515 0.8710 4,623 1.123 1.004 257.1 16.13 173.8
2.00 0.1526 24,48 0.6333 0.9975 5.411 1.446 1.019 255.4 14.59 156.5
2.05 0.1528 31.25 0.7294 1.1436 6.496 1.980 1.039 253.5 12.37 133.7
2.10 0.1530 43.53 0.8517 1.3190 8.245 3.046 1.067 251.2 8.79 98.5

P=5.0
1.20 0.1529 1.47 0.0338 0.0544 0.354 0.054 0.885 272.0 16.91 267.4
1.25 0.1529 2.00 0.0445 0.0707 0.450 0.082 0.886 271.9 17.28 265.9
1.30 0.1529 2.59 0.0574 0.0905 0.562 0.115 0.886 271.8 17.64 264.0
1.35 0.1529 3.25 0.0726 0.1141 0.693 0.152 0.888 271.6 17.99 261.8

1.40 0.1530 3.97 0.0906 0.1420 0.845 0.192 0.889 271.4 18.31 259.1
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TABLE II (Continued)

T P -10%p S Cp 10% (o c, C,
(K) (gem™3) (K™Y Pa/P Jg k™) @g K™Y 10%y-1) (bar’}) (msec™!) (msec”!) msec’!)
1.45 0.1530 4.75 0.1115 0.1746 1.020 0.236 0.891 271.1 18.58 255.9
1.50 0.1531 5.62 0.1356 0.2125 1.220 - 0.285 0.894 270.8 18.80 252.2
1.55 0.1531 6.60 0.1634 0.2561 1.448 0.341 0.896 270.4 18.96 247.9
1.60 0.1532 7.70 0.1952 0.3060 1.704 0.405 0.900 269.9 19.04 242.8
1.65 0.1532 8.93 0.2314 0.3628 1.990 0.479 0.904 269.3 19.04 236.9
1.70 0.1533 10.32 0.2723 0.4268 2.310 0.566 0.909 268.7 18.93 230.1
1.75 0.1534 11.90 0.3185 0.4989 2.668 0.666 0.914 267.9 18.69 222.2
1.80 0.1535 13.70 0.3705 0.5796 3.071 0.784 0.921 267.0 18.29 213.1
1.85 0.1536 15.82 0.4288 0.6698 3.530 0.928 0.929 266.0 17.70 202.4
1.90 0.1538 18.43 0.4944 0.7709 4,067 1.112 0.938 264.7 16.85 189.9
1.95 0.1539 21.89 0.5684 0.8847 4.719 1.373 0.950 263.3 15.67 174.8
2.00 0.1541 26.88 0.6534 1.0142 5.560 1.779 0.965 261.7 14.01 155.9
2.05 0.1543 34.84 0.7542 1.1651 6.745 2.488 0.985 259.7 11.59 130.7
2.10 0.1546 50.08 0.8875 1.3493 8.819 3.954 1.016 257.3 7.41 87.9

P=6.0
1.20 0.1542 1.65 0.0352 0.0554 0.362 0.069 0.840 278.0 16.70 273.2
1.25 0.1542 2.20 0.0463 0.0721 0.459 0.101 0.841 277.9 17.08 271.5
1.30 0.1542 2.82 0.0597 0.0922 0.572 0.139 0.842 277.7 17.45 269.5
1.35 0.1543 3.51 0.0755 0.1163 0.705 0.182 0.843 277.6 17.80 267.1
1.40 0.1543 4.26 0.0941 0.1446 0.859 0.228 0.844 277.4 18.12 264.3
1.45 0.1543 5.10 0.1157 0.1778 1.036 0.279 0.846 277.1 18.39 261.0
1.50 0.1544 6.03 0.1406 0.2163 1.239 0.337 0.848 276.8 18.60 257.1
1.55 0.1545 7.07 0.1692 0.2606 1.469 0.403 0.851 276.3 18.75 252.5
1.60 0.1545 8.25 0.2020 0.3112 1.729 0.479 0.854 275.9 18.82 247.2
1.65 0.1546 9.59 0.2392 0.3688 2.019 0.570 0.858 275.3 18.80 241.0
1.70 0.1547 11.12 0.2813 0.4338 2.344 0.676 0.863 274.6 18.67 233.9
1.75 0.1548 12.86 0.3287 0.5069 2.708 0.801 0.868 273.9 18.41 225.6
1.80 0.1549 14.85 0.3821 0.5888 3.119 0.949 0.875 273.0 17.99 215.9
1.85 0.1550 17.21 0.4421 0.6805 3.589 1.129 0.882 271.9 17.36 204.6
1.90 0.1552 20.14 0.5096 0.7834 4.144 1.363 0.891 270.7 16.46 191.3
1.95 0.1554 24.03 0.5861 0.8995 4.828 1.691 0.903 269.2 15.19 175.1
2.00 0.1555 29.67 0.6744 1.0325 5.728 2.200 0.918 267.5 13.40 154.6
2.05 0.1558 38.83 0.7810 1.1888 7.039 3.095 0.939 265.5 10.74 126.2
2.10 0.1561 59.55 0.9310 1.3843 9.705 5.304 0.976 262.9 5.54 70.4
P=7.0
1.20 0.1555 1.82 0.0366 0.0565 0.370 0.086 0.799 283.8 16.52 278.6
1.25 0.1555 2.39 0.0482 0.0736 0.469 0.123 0.800 283.6 16.89 276.9
1.30 0.1555 3.05 0.0621 0.0941 0.584 0.166 0.802 283.5 17.27 274.7
1.35 0.1555 3.78 0.0785 0.1186 0.718 0.215 0.803 283.3 17.62 272.2
1.40 0.1556 4.58 0.0977 0.1475 0.874 0.270 0.804 283.1 17.94 269.2
1.45 0.1556 5.47 0.1200 0.1812 1.053 0.330 0.806 282.8 18.21 265.7
1.50 0.1557 6.47 0.1457 0.2203 1.259 0.398 0.808 282.4 18.41 261.6
1.55 0.1557 7.59 0.1752 0.2653 1.492 0.476 0.811 282.0 18.55 256.8
1.60 0.1558 8.86 0.2089 0.3167 1.755 0.567 0.814 281.5 18.61 251.2
1.65 0.1559 10.31 0.2472 0.3752 2.051 0.675 0.818 281.0 18.57 244.7
1.70 0.1560 11.97 0.2905 0.4412 2,382 0.804 0.822 280.3 18.42 237.2
1.75 0.1561 13.88 0.3393 0.5155 2.752 0.957 0.827 279.6 18.14 228.5
1.80 0.1562 16.11 0.3942 0.5988 3.171 1.143 0.834 278.6 17.69 218.3
1.85 0.1564 18.73 0.4558 0.6921 3.654 1.369 0.841 277.6 17.01 206.4
1.90 0.1565 22.01 0.5254 0.7969 4.229 1.661 0.851 276.3 16.05 192.2
1.95 0.1567 26.38 0.6046 0.9157 4.949 2.071 0.862 274.8 14.70 174.8
2.00 0.1569 32.78 0.6967 1.0525 5.917 2.706 0.878 273.0 12.76 152.4
2.05 0.1572 43.42 0.8100 1.2151 7.384 3.840 0.901 270.9 9.80 120.0
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TABLE II (Continued)
T P -10%8p s Cp 10% ¢ (o) c, Cy
{K) € em™) (K™ Dn/P @Fg'k™h @gKY)  10%y-1  ar™) (msec!) (msec™!) (msec™!)
P=8.0
1.20 0.1567 1.99 0.0380 0.0577 0.379 0.105 0.763 289.3 16.35 283.9
1.25 0.1567 2.59 0.0501 0.0752 0.479 0.147 0.764 289.1 16.73 282.0
1.30 0.1567 3.28 0.0645 0.0962 0.596 0.196 0.765 289.0 17.11 279.7
1.35 0.1568 4.06 0.0816 0.1211 0.732 0.253 0.767 288.8 17.46 277.0
1.40 0.1568 4.91 0.1014 0.1505 0.889 0.317 0.768 288.5 17.77 273.9
1.45 0.1569 5.87 0.1245 0.1848 1.071 0.387 0.770 288.2 18.03 270.2
1.50 0.1569 6.94 0.1510 0.2246 1.279 0.467 0.773 287.9 18.23 265.8
1.55 0.1570 8.14 0.1814 0.2703 1.516 0.560 0.775 287.5 18.36 260.8
1.60 0.1571 9.51 0.2161 0.3226 1.784 0.669 0.778 287.0 18.40 254.9
1.65 0.1572 11.09 0.2555 0.3820 2.085 0.798 0.782 286.4 18.35 248.1
1.70 0.1573 12.90 0.3000 0.4492 2.422 0.953 0.786 285.8 18.18 240.2
1.75 0.1574 14.99 0.3502 0.5247 2.800 1.140 0.791 285.0 17.87 231.1
1.80 0.1575 17.44 0.4066 0.6095 3.229 1.368 0.798 284.1 17.38 220.4
1.85 0.1577 20.39 0.4702 0.7045 3.726 1.652 0.805 282.9 16.66 207.7
1.90 0.1578 24.07 0.5420 0.8115 4.324 2.019 0.815 281.6 15.64 192.5
1.95 0.1580 28.99 0.6241 0.9332 5.084 2.528 0.827 280.1 14.18 173.8
2.00 0.1583 36.26 0.7206 1.0743 6.132 3.319 0.844 278.2 12.08 149.2
2.05 0.1586 48.84 0.8422 1.2443 7.798 4.773 0.868 275.9 8.73 111.5
P=9.0
1.20 0.1579 2.16 0.0396 0.0591 0.387 0.126 0.730 294.7 16.20 288.9
1.25 0.1579 2.80 0.0521 0.0769 0.489 0.173 0.731 294.5 16.57 286.9
1.30 0.1579 3.53 0.0671 0.0983 0.608 0.230 0.733 294.3 16.95 284.5
1.35 0.1580 4.35 0.0848 0.1238 0.746 0.296 0.734 294.1 17.31 281.6
1.40 0.1580 5.27 0.1053 0.1538 0.906 0.370 0.736 293.8 17.62 278.3
1.45 0.1581 6.29 0.1291 0.1887 1.090 0.453 0.738 293.5 17.87 274.4
1.50 0.1581 7.44 0.1565 0.2291 1.302 0.548 0.740 293.1 18.06 269.8
1.55 0.1582 8.74 0.1878 0.2757 1.543 0.657 0.743 292.7 18.17 264.5
1.60 0.1583 10.23 0.2235 0.3289 1.815 0.787 0.746 292.2 18.20 258.4
1.65 0.1584 11.93 0.2640 0.3893 2.122 0.942 0.749 291.6 18.13 251.2
1.70 0.1585 13.91 0.3099 0.4576 2.465 1.129 0.754 291.0 17.94 243.0
1.75 0.1586 16.20 0.3615 0.5346 2.852 1.356 0.759 290.2 17.60 233.3
1.80 0.1588 18.90 0.4196 0.6209 3.292 1.634 0.765 289.2 17.07 222.0
1.85 0.1589 22.18 0.4851 0.7179 3.806 1.984 0.773 288.1 16.31 208.6
1.90 0.1591 26.33 0.5594 0.8274 4.430 2.443 0.783 286.7 15.21 192.4
1.95 0.1593 31.89 0.6447 0.9524 5.236 3.0717 0.796 285.0 13.64 172.1
2.00 0.1596 40.21 0.7462 1.0984 6.377 4.061 0.814 283.0 11.34 144.8
2.05 0.1599 55.58 0.8788 1.2770 8.327 5.985 0.842 280.5 7.44 99.5
P=10.0
1.20 0.1590 2.34 0.0412 0.0605 0.396 0.149 0.701 299.8 16.06 293.7
1.25 0.1591 3.01 0.0542 0.0787 0.500 0.203 0.702 299.6 16.43 291.6
1.30 0.1591 3.78 0.0698 0.1006 0.621 0.269 0.703 299.4 16.81 289.0
1.35 0.1591 4.66 0.0881 0.1266 0.761 0.344 0.705 299.2 17.16 286.0
1.40 0.1592 5.64 0.1094 0.1572 0.924 0.431 0.706 298.9 17.46 282.5
1.45 0.1592 6.74 0.1340 0.1928 1.111 0.528 0.709 298.5 17.71 278.3
1.50 0.1593 7.98 0.1622 0.2340 1.326 0.640 0.711 298.1 17.89 273.5
1.55 0.1594 9.39 0.1945 0.2814 1.571 0.770 0.713 297.7 17.99 268.0
1.60 0.1595 11.00 0.2313 0.3355 1.848 0.925 0.717 297.2 18.00 261.5
1.65 0.1596 12.86 0.2730 0.3971 2.161 1.111 0.720 296.6 17.91 254.1
1.70 0.1597 15.01 0.3201 0.4667 2.512 1.336 0.725 296.0 17.69 245.4
1.75 0.1598 17.53 0.3733 0.5452 2.909 1.611 0.730 295.1 17.32 235.2
1.80 0.1600 20.52 0.4332 0.6333 3.362 1.951 0.737 294.2 16.76 223.2
1.85 0.1601 24.16 0.5009 0.7325 3.895 2.380 0.745 293.0 15.94 209.0
1.90 0.1603 28.80 0.5778 0.8447 4.548 2.944 0.756 291.5 14.76 191.6
1.95 0.1606 35.13 0.6668 0.9733 5.407 3.736 0.770 289.7 13.07 169.6
2.00 0.1608 44.71 0.7741 1.1248 6.661 4.964 0.789 2817.6 10.53 138.9
2.05 0.1612 65.08 0.9227 1.3143 9.110 7.730 0.824 284.8 5.71 80.8
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TABLE II (Continued)

T p -10%8p S Cp 10% (o) c, Cy
() gem™) K™ Pn/p @g'k™ @gT K  10%y-1) (ar™) (msec”!) msec™!) msec™!)
P=11.0
1.20 0.1602 2.52 0.0429 0.0620 0.406 0.174 0.673 304.8 15.92 298.3
1.25 0.1602 3.23 0.0565 0.0807 0.512 0.236 0.674 304.6 16.29 296.1
1.30 0.1602 4.05 0.0726 0.1031 0.635 0.311 0.676 304.4 16.67 293.4
1.35 0.1602 4.99 0.0916 0.1297 0.778 0.399 0.678 304.1 17.02 290.2
1.40 0.1603 6.04 0.1136 0.1608 0.942 0.500 0.680 303.8 17.32 286.5
1.45 0.1603 7.22 0.1390 0.1972 1.133 0.615 0.682 303.4 17.56 282.1
1.50 0.1604 8.56 0.1682 0.2392 1.351 0.747 0.684 303.0 17.72 277.1
1.55 0.1605 10.08 0.2015 0.2874 1.601 0.901 0.687 302.6 17.81 271.2
1.60 0.1606 11.83 0.2393 0.3427 1.884 1.085 0.690 302.1 17.80 264.5
1.65 0.1607 13.86 0.2823 0.4054 2.204 1.307 0.694 301.5 17.69 256.6
1.70 0.1608 16.22 0.3309 0.4765 2.564 1.579 0.698 300.8 17.45 2417.5
1.75 0.1610 19.00 0.3857 0.5565 2.971 1.912 0.704 299.9 17.05 236.8
1.80 0.1611 22.30 0.4475 0.6466 3.439 2.325 0.711 298.9 16.44 224.1
1.85 0.1613 26.34 0.5175 0.7482 3.993 2.849 0.720 297.7 15.55 208.9
1.90 0.1615 31.54 0.5973 0.8634 4.681 3.540 0.731 296.1 14.28 190.2
1.95 0.1618 38.71 0.6904 0.9962 5.601 4.515 0.746 294.2 12.45 166.1
2.00 0.1621 49.92 0.8048 1.1541 6.995 6.066 0.769 291.8 9.61 131.2
2.05 0.1625 101.17 0.9895 1.3607 12.522 13.940 0.843 288.4 1.79 30.1
P=12.0
1.20 0.1612 2.71 0.0447 0.0636 0.416 0.202 0.648 309.6 15.80 302.8
1.25 0.1612 3.46 0.0588 0.0828 0.524 0.273 0.649 309.5 16.16 300.4
1.30 0.1613 4.33 0.0756 0.1057 0.650 0.359 0.651 309.2 16.54 297.6
1.35 0.1613 5.32 0.0952 0.1329 0.795 0.460 0.653 308.9 16.88 294.2
1.40 0.1614 6.45 0.1180 0.1647 0.962 0.576 0.655 308.5 17.18 290.3
1.45 0.1614 7.72 0.1443 0.2018 1.156 0.710 0.657 308.2 17.41 285.7
1.50 0.1615 9.17 0.1744 0.2447 1.379 0.866 0.659 307.7 17.56 280.4
1.55 0.1616 10.83 0.2087 0.2939 1.634 1.050 0.662 307.3 17.63 274.3
1.60 0.1617 12.74 0.2478 0.3503 1.923 1.270 0.666 306.8 17.60 267.2
1.65 0.1618 14.95 0.2921 0.4144 2.251 1.536 0.669 306.2 17.47 258.9
1.70 0.1619 17.54 0.3422 0.4869 2.620 1.862 0.674 305.4 17.20 249.3
1.75 0.1621 20.59 0.3987 0.5688 3.039 2.264 0.680 304.6 16.76 238.0
1.80 0.1623 24.24 0.4626 0.6610 3.523 2.765 0.688 303.5 16.10 224.5
1.85 0.1625 28.75 0.5350 0.7652 4.101 3.403 0.697 302.1 15.15 208.3
1.90 0.1627 34.57 0.6181 0.8838 4.828 4.245 0.710 300.5 13.78 188.1
1.95 0.1630 42.72 0.7160 1.0213 5.822 5.441 0.727 298.4 11.77 161.5
2.00 0.1633 56.08 0.8391 1.1866 7.401 7.431 0.752 295.7 8.54 120.8
P=13.0
1.20 0.1623 2.90 0.0466 0.0654 0.426 0.234 0.625 314.3 15.68 307.0
1.25 0.1623 3.70 0.0613 0.0850 0.537 0.314 0.626 314.1 16.04 304.6
1.30 0.1623 4.62 0.0787 0.1085 0.665 0.412 0.628 313.9 16.41 301.6
1.35 0.1624 5.68 0.0990 0.1363 0.813 0.527 0.630 313.6 16.75 298.1
1.40 0.1624 6.88 0.1226 0.1688 0.984 0.661 0.632 313.2 17.04 293.9
1.45 0.1625 8.25 0.1498 0.2067 1.181 0.817 0.634 312.8 17.26 289.1
1.50 0.1626 9.80 0.1809 0.2505 1.409 0.999 0.637 312.3 17.40 283.5
1.55 0.1627 11.60 0.2163 0.3008 1.669 1.215 0.640 311.9 17.45 277.1
1.60 0.1628 13.68 0.2566 0.3584 1.965 1.476 0.643 311.3 17.40 269.6
1.65 0.1629 16.11 0.3023 0.4239 2.301 1.797 0.647 310.7 17.24 260.9
1.70 0.1630 18.96 0.3540 0.4981 2.681 2.189 0.652 310.0 16.94 250.8
1.75 0.1632 22.32 0.4124 0.5820 3.114 2.673 0.659 309.0 16.47 238.8
1.80 0.1634 26.36 0.4785 0.6765 3.617 3.279 0.667 307.9 15.76 224.5
1.85 0.1636 31.38 0.5537 0.7836 4.222 4.052 0.677 306.5 14.73 207.1
1.90 0.1638 37.91 0.6405 0.9059 4.994 5.075 0.691 304.6 13.24 185.2
1.95 0.1641 47.23 0.7438 1.0487 6.076 6.542 0.710 302.3 11.03 155.6
2.00 0.1645 63.76 0.8787 1.2231 7.929 9.185 0.741 299.3 7.22 106.3
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TABLE II (Continued)

T -10%8p S Cp 10% (o} c, Cy
(K) gem™?) (K™Y pa/P Jg'K™H @g 'Kl 10%(y-1) (ar’)) (msec™!) (msec”!) (msec™)
P=14.0
1.20 0.1633 3.10 0.0487 0.0672 0.438 0.268 0.604 318.8 15.56 311.1
1.25 0.1633 3.95 0.0639 0.0873 0.551 0.360 0.605 318.7 15.92 308.6
1.30 0.1633 4.93 0.0819 0.1114 0.681 0.471 0.606 318.5 16.29 305.5
1.35 0.1634 6.06 0.1030 0.1399 0.832 0.603 0.608 318.1 16.62 301.8
1.40 0.1634 7.34 0.1274 0.1732 1.006 0.757 0.611 317.7 16.90 297.4
1.45 0.1635 8.80 0.1555 0.2120 1.208 0.937 0.613 317.3 17.11 292.3
1.50 0.1636 10.48 0.1877 0.2567 1.440 1.148 0.616 316.8 17.24 286.4
1.55 0.1637 12.42 0.2243 0.3082 1.707 1.401 0.619 316.3 17.27 279.7
1.60 0.1638 14.67 0.2659 0.3671 2.011 1.708 0.623 315.8 17.20 271.8
1.65 0.1639 17.33 0.3132 0.4342 2.356 2.087 0.627 315.1 17.01 262.7
1.70 0.1641 20.46 0.3666 0.5102 2.748 2.560 0.633 314.3 16.68 252.0
1.75 0.1643 24.18 0.4270 0.5962 3.196 3.144 0.639 313.4 16.16 239.3
1.80 0.1645 28.66 0.4955 0.6933 3.719 3.873 0.648 312.2 15.39 224.0
1.85 0.1647 34.25 0.5737 0.8036 4.355 4.805 0.660 310.6 14.28 205.3
1.90 0.1650 41.60 0.6645 0.9301 5.180 6.045 0.675 308.6 12.66 181.4
1.95 0.1653 52.34 0.7743 1.0789 6.370 7.849 0.697 305.9 10.19 147.9
2.00 0.1657 74.99 0.9271 1.2648 8.759 11.744 0.737 302.4 5.36 83.4
P=15.0
1.20 0.1643 3.32 0.0508 0.0692 0.449 0.307 0.585 323.2 15.45 315.1
1.25 0.1643 4.22 0.0666 0.0898 0.565 0.411 0.585 323.2 15.81 312.5
1.30 0.1643 5.26 0.0853 0.1145 0.699 0.537 0.587 322.9 16.17 309.2
1.35 0.1644 6.46 0.1072 0.1437 0.853 0.687 0.589 322.6 16.50 305.3
1.40 0.1644 7.82 0.1325 0.1778 1.031 0.863 0.591 322.2 16.77 300.7
1.45 0.1645 9.39 0.1616 0.2175 1.236 1.070 0.594 321.7 16.97 295.3
1.50 0.1646 11.19 0.1948 0.2633 1.474 1.314 0.597 321.2 17.08 289.2
1.55 0.1647 13.28 0.2327 0.3160 1.748 1.609 0.600 320.7 17.09 282.0
1.60 0.1648 15.73 0.2757 0.3763 2.060 1.968 0.604 320.1 17.00 273.8
1.65 0.1650 18.61 0.3245 0.4451 2.416 2.414 0.608 319.4 16.78 264.1
1.70 0.1651 22.05 0.3798 0.5231 2.821 2.973 0.614 318.6 16.41 252.8
1.75 0.1653 26.16 0.4424 0.6114 3.286 3.677 0.622 317.6 15.84 239.3
1.80 0.1655 31.13 0.5135 0.7114 3.832 4.553 0.632 316.3 15.01 223.0
1.85 0.1658 37.36 0.5950 0.8252 4.504 5.673 0.644 314.5 13.80 202.8
1.90 0.1660 45.68 0.6905 0.9565 5.390 7.173 0.662 312.2 12.02 176.5
1.95 0.1664 58.27 0.8083 1.1122 6.720 9.424 0.688 309.3 9.23 138.0
P=16.0
1.20 0.1652 3.54 0.0531 0.0712 0.462 0.349 0.566 327.4 15.34 318.9
1.25 0.1652 4.49 0.0695 0.0924 0.580 0.466 0.567 327.5 15.70 316.2
1.30 0.1653 5.60 0.0889 0.1178 0.717 0.608 0.568 327.3 16.06 312.8
1.35 0.1653 6.87 0.1116 0.1477 0.874 0.778 0.570 327.0 16.38 308.7
1.40 0.1654 8.32 0.1378 0.1827 1.056 0.979 0.573 326.5 16.64 303.8
1.45 0.1655 10.00 0.1679 0.2234 1.267 1.216 0.576 326.0 16.82 298.2
1.50 0.1656 11.93 0.2023 0.2703 1.511 1.498 0.579 325.5 16.91 291.7
1.55 0.1657 14.19 0.2415 0.3243 1.792 1.838 0.582 324.9 16.91 284.2
1.60 0.1658 16.83 0.2860 0.3862 2.114 2.256 0.586 324.3 16.79 275.5
1.65 0.1660 19.97 0.3365 0.4567 2.481 2.778 0.591 323.6 16.54 265.3
1.70 0.1661 23.73 0.3938 0.5369 2.902 3.436 0.598 322.7 16.12 253.3
1.75 0.1663 28.26 0.4587 0.6278 3.386 4.272 0.606 321.7 15.50 238.9
1.80 0.1665 33.82 0.5327 0.7310 3.958 5.334 0.617 320.2 14.60 221.5
1.85 0.1668 40.80 0.6180 0.8487 4.670 6.680 0.631 318.3 13.28 199.5
1.90 0.1671 50.26 0.7189 0.9852 5.629 8.496 0.651 315.7 11.32 170.2
1.95 0.1675 65.39 0.8469 1.1492 7.154 11.360 0.682 312.2 8.07 124.6
P=17.0
1.20 0.1661 3.77 0.0555 0.0734 0.475 0.395 0.550 331.6 15.23 322.5
1.25 0.1662 4.78 0.0726 0.0952 0.596 0.526 0.550 331.7 15.59 319.8

1.30 0.1662 5.94 0.0927 0.1213 0.736 0.686 0.551 331.6 15.95 316.3
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TABLE II (Continued)

T P -10%p S Cp 10% (o c, Cy
(K) gcm™?) K™Y Pn/P g 'K ggt K™ 102(y—=1) (ar ) (msec™!) (msec™!) (msec™)
1.35 0.1663 7.29 0.1162 0.1520 0.897 0.878 0.553 331.2 16.26 311.9
1.40 0.1663 8.84 0.1434 0.1879 1.083 1.106 0.556 330.8 16.51 306.8
1.45 0.1664 10.63 0.1746 0.2296 1.299 1.376 0.559 330.2 16.68 300.9
1.50 0.1665 12.71 0.2102 0.2778 1.550 1.699 0.562 329.7 16.75 294.0
1.55 0.1666 15.14 0.2508 0.3332 1.839 2.091 0.566 329.1 16.72 286.1
1.60 0.1668 18.00 0.2969 0.3967 2.171 2.576 0.570 328.4 16.57 276.9
1.65 0.1669 21.41 0.3492 0.4692 2.552 3.184 0.576 327.7 16.29 266.2
1.70 0.1671 25.52 0.4086 0.5517 2.989 3.955 0.583 326.8 15.83 253.4
1.75 0.1673 30.51 0.4761 0.6454 3.495 4.941 0.592 325.6 15.15 238.1
1.80 0.1676 36.69 0.5533 0.7521 4.097 6.206 0.604 324.0 14.16 219.3
1.85 0.1678 44,53 0.6428 0.8742 4.855 7.822 0.620 321.8 12.72 195.2
1.90 0.1682 55.34 0.7501 1.0167 5.904 10.018 0.644 318.8 10.53 162.2
1.95 0.1686 74.60 0.8923 1.1907 7.749 13.873 0.682 314.7 6.56 105.5

P=18.0
1.20 0.1670 4.01 0.0580 0.0758 0.489 0.444 0.534 335.7 15.13 326.0
1.25 0.1671 5.07 0.0758 0.0982 0.613 0.592 0.534 335.8 15.49 323.2
1.30 0.1671 6.30 0.0967 0.1250 0.756 0.771 0.535 335.7 15.84 319.6
1.35 0.1672 7.73 0.1211 0.1565 0.921 0.986 0.537 335.4 16.14 315.0
1.40 0.1672 9.38 0.1493 0.1934 1.112 1.243 0.540 334.9 16.38 309.7
1.45 0.1673 11.29 0.1816 0.2362 1.334 1.549 0.543 334.3 16.53 303.4
1.50 0.1674 13.51 0.2185 0.2856 1.591 1.916 0.547 333.7 16.58 296.2
1.55 0.1676 16.11 0.2605 0.3425 1.889 2.364 0.551 333.1 16.53 287.8
1.60 0.1677 19.20 0.3083 0.4078 2.233 2.919 0.555 332.4 16.35 278.1
1.65 0.1679 22.90 0.3626 0.4824 2.628 3.621 0.561 331.6 16.02 266.7
1.70 0.1681 27.38 0.4243 0.5675 3.084 4.519 0.569 330.7 15.52 253.2
1.75 0.1683 32.87 0.4946 0.6643 3.615 5.674 0.579 329.4 14.77 236.7
1.80 0.1686 39.72 0.5753 0.7748 4.252 7.167 0.592 327.6 13.70 216.3
1.85 0.1689 48.55 0.6696 0.9018 5.064 9.102 0.611 325.1 12.11 189.8
1.90 0.1692 61.06 0.7846 1.0511 6.226 11.770 0.638 321.6 9.62 152.1
1.95 0.1698 90.93 0.9510 1.2388 8.899 18.170 0.694 316.7 4.16 71.7

P=19.0
1.20 0.1679 4.25 0.0607 0.0782 0.503 0.496 0.519 339.6 15.03 329.5
1.25 0.1680 5.37 0.0791 0.1013 0.630 0.660 0.519 339.9 15.39 326.5
1.30 0.1680 6.67 0.1009 0.1288 0.777 0.858 0.520 339.8 15.73 322.7
1.35 0.1681 8.17 0.1262 0.1612 0.946 1.099 0.522 339.5 16.02 318.0
1.40 0.1681 9.92 0.1554 0.1991 1.142 1.386 0.525 339.0 16.25 312.3
1.45 0.1682 11.95 0.1889 0.2431 1.370 1.730 0.528 338.3 16.38 305.7
1.50 0.1683 14.31 0.2272 0.2939 1.635 2.144 0.532 337.7 16.42 298.1
1.55 0.1685 17.10 0.2708 0.3524 1.943 2.649 0.536 337.0 16.33 289.3
1.60 0.1686 20.41 0.3204 0.4196 2.299 3.280 0.541 336.3 16.12 279.0
1.65 0.1688 24.41 0.3767 0.4964 2.711 4.082 0.548 335.5 15.75 266.9
1.70 0.1690 29.29 0.4409 0.5843 3.188 5.118 0.556 334.5 15.19 252.4
1.75 0.1693 35.33 0.5142 0.6845 3.747 6.465 0.567 333.0 14.38 234.8
1.80 0.1695 42.94 0.5989 0.7992 4.424 8.217 0.583 331.0 13.19 212.6
1.85 0.1699 52.91 0.6988 0.9317 5.299 10.523 0.604 328.1 11.43 183.1
1.90 0.1703 67.69 0.8236 1.0890 6.616 13.816 0.637 324.0 8.54 138.8

P=20.0
1.20 0.1688 4.48 0.0635 0.0808 0.518 0.549 0.505 343.5 14.93 332.7
1.25 0.1688 5.66 0.0827 0.1046 0.649 0.728 0.505 343.8 15.29 329.7
1.30 0.1689 7.02 0.1053 0.1329 0.799 0.947 0.506 343.8 15.63 325.7
1.35 0.1689 8.61 0.1316 0.1662 0.973 1.213 0.508 343.5 15.91 320.8
1.40 0.1690 10,46 0.1619 0.2052 1.175 1.532 0.511 342.9 16.12 314.8
1.45 0.1691 12.60 0.1967 0.2504 1.409 1.915 0.515 342.2 16.23 307.8

1.50 0.1692 15.11 0.2364 0.3026 1.682 2.375 0.519 341.5 16.24 299.7
1.55 0.1694 18.07 0.2816 0.3628 2.000 2.940 0.523 340.8 16.13 290.4
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TABLE II. (continued)
T p -10%p S Cp 10% 7 G c, ¢y
(K) gem™?) (K™ Pa/P Jg k™) @glkY) 10y-1) bar™l) (msec™) (msec™!) (msec™!)
P=20.0
1.60 0.1695 21.61 0.3331 0.4320 2.370 3.647 0.529 340.1 15.88 279.6
1.65 0.1697 25.92 0.3916 0.5113 2.799 4,557 0.535 339.2 15.47 266.7
1.70 0.1700 31.23 0.4585 0.6021 3.300 5.744 0.544 338.1 14.85 251.3
1.75 0.1702 37.87 0.5351 0.7061 3.892 7.303 0.557 336.5 13.95 232.2
1.80 0.1705 46.34 0.6242 0.8255 4.615 9.351 0.574 334.2 12.65 207.9
1.85 0.1709 57.66 0.7307 0.9642 5.567 12.086 0.599 330.8 10.67 174.7
1.90 0.1714 75.92 0.8686 1.1309 7.123 16.328 0.639 325.9 7.18 120.6
P=21.0
1.20 0.1696 4.71 0.0665 0.0836 0.534 0.602 0.492 347.3 14.84 335.9
1.25 0.1697 5.93 0.0864 0.1080 0.668 0.797 0.491 3417.7 15.20 332.7
1.30 0.1697 7.36 0.1099 0.1371 0.822 1.036 0.492 347.7 15.52 328.6
1.35 0.1698 9.03 0.1372 0.1714 1.001 1.326 0.495 347.3 15.79 323.4
1.40 0.1699 10.97 0.1687 0.2115 1.208 1.676 0.498 346.7 15.98 317.0
1.45 0.1700 13.23 0.2048 0.2580 1.449 2.096 0.502 346.0 16.08 309.7
1.50 0.1701 15.87 0.2460 0.3117 1.731 2.603 0.506 345.2 16.07 301.1
1.55 0.1703 19.00 0.2929 0.3737 2.060 3.225 0.511 344.5 15.93 291.3
1.60 0.1704 22.77 0.3464 0.4450 2.445 4.010 0.516 343.7 15.64 279.8
1.65 0.1706 27.40 0.4073 0.5270 2.895 5.029 0.524 342.8 15.18 266.2
1.70 0.1709 33.18 0.4770 0.6210 3.423 6.378 0.534 341.6 14.49 249.6
1.75 0.1712 40.49 0.5574 0.7290 4.051 8.174 0.547 339.8 13.50 228.9
1.80 0.1715 49.93 0.6515 0.8536 4.828 10.558 0.567 337.1 12.05 202.0
1.85 0.1719 62.90 0.7660 0.9993 5.880 13.808 0.597 333.0 9.80 164.1
1.90 0.1724 88.34 0.9240 1.1784 7.931 19.997 0.651 327.1 5.23 92.2
P=22.0
1.20 0.1705 4.93 0.0696 0.0864 0.550 0.653 0.479 351.0 14.75 338.9
1.25 0.1705 6.20 0.0903 0.1116 0.687 0.862 0.479 351.4 15.10 335.6
1.30 0.1706 7.68 0.1146 0.1416 0.846 1.120 0.480 351.5 15.42 331.3
1.35 0.1706 9.42 0.1430 0.1769 1.030 1.434 0.482 351.1 15.67 325.8
1.40 0.1707 11.45 0.1757 0.2181 1.243 1.812 0.486 350.4 15.85 319.1
1.45 0.1709 13.81 0.2132 0.2659 1.492 2.266 0.490 349.6 15.93 311.3
1.50 0.1710 16.58 0.2560 0.3213 1.782 2.814 0.494 348.8 15.89 302.3
1.55 0.1711 19.87 0.3048 0.3851 2.124 3.490 0.499 348.0 15.71 291.9
1.60 0.1713 23.86 0.3603 0.4587 2.525 4,349 0.505 347.2 15.38 279.7
1.65 0.1716 28.82 0.4238 0.5434 2.997 5.481 0.513 346.3 14.87 265.2
1.70 0.1718 35.09 0.4966 0.6409 3.556 7.003 0.524 344.9 14.11 247.4
1.75 0.1721 43.15 0.5810 0.7534 4.227 9.060 0.539 342.8 13.02 224.8
1.80 0.1725 53.73 0.6810 0.8837 5.067 11.827 0.562 339.6 11.40 194.9
1.85 0.1729 68.91 0.8054 1.0375 6.252 15.746 0.597 334.8 8.77 150.5
P=23.0
1.20 0.1713 5.12 0.0728 0.0893 0.567 0.699 0.467 354.6 14.66 341.8
1.25 0.1714 6.43 0.0943 0.1153 0.708 0.921 0.467 355.1 15.01 338.4
1.30 0.1714 7.97 0.1196 0.1461 0.871 1.196 0.468 355.1 15.32 333.8
1.35 0.1715 9.78 0.1491 0.1825 1.060 1.531 0.471 354.7 15.56 328.0
1.40 0.1716 11.88 0.1830 0.2249 1.280 1.934 0.474 353.9 15.72 320.9
1.45 0.1717 14.33 0.2220 0.2741 1.535 2.416 0.479 353.1 15.77 312.6
1.50 0.1719 17.19 0.2664 0.3311 1.836 2.996 0.483 352.2 15.70 303.1
1.55 0.1720 20.62 0.3171 0.3969 2.190 3.716 0.488 351.4 15.50 292.1
1.60 0.1722 24.83 0.3749 0.4729 2.609 4.645 0.494 350.6 15.12 279.2
1.65 0.1725 30.13 0.4410 0.5606 3.107 5.889 0.503 349.5 14.54 263.7
1.70 0.1727 36.95 0.5172 0.6619 3.701 7.595 0.514 348.0 13.71 244.5
1.75 0.1730 45.86 0.6062 0.7792 4.421 9.942 0.532 345.6 12.49 219.8
1.80 0.1734 57.80 0.7131 0.9159 5.338 13.154 0.559 341.7 10.67 186.1
1.85 0.1739 76.33 0.8508 1.0793 6.729 18.066 0.602 335.8 7.49 132.4
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TABLE II. (continued)
T p -10%p s Cp 10%g [of c, c,
K  (gem™) (K1) Pa/e @gT'KH UK 10%y-1) (ar™h) msec™) (msec™!) (msec™)
P=24.0
1.20 0.1722 5.29 0.0762 0.0924 0.584 0.737 0.456 358.1 14.58 344.6
1.25 0.1722 6.63 0.0985 0.1191 0.729 0.970 0.456 358.6 14.92 341.0
1.30 0.1723 8.22 0.1247 0.1508 0.897 1.259 0.457 358.6 15.21 336.1
1.35 0.1723 10.08 0.1553 0.1882 1.091 1.611 0.460 358.1 15.44 329.9
1.40 0.1724 12.24 0.1906 0.2319 1.317 2.032 0.464 357.2 15.58 322.4
1.45 0.1726 14.74 0.2311 0.2826 1.580 2.533 0.468 356.3 15.61 313.7
1.50 0.1727 17.68 0.2773 0.3412 1.890 3.135 0.473 355.4 15.52 303.7
1.55 0.1729 21.22 0.3299 0.4091 2.259 3.886 0.478 354.6 15.27 292.1
1.60 0.1731 25.62 0.3900 0.4875 2.698 4.873 0.484 353.8 14.85 278.4
1.65 0.1734 31.29 0.4589 0.5783 3.225 6.229 0.493 352.6 14.21 261.8
1.70 0.1736 38.72 0.5388 0.6837 3.859 8.131 0.506 350.9 13.28 241.0
1.75 0.1740 48.61 0.6330 0.8064 4,637 10.800 0.526 348.0 11.93 213.8
1.80 0.1744 62.25 0.7483 0.9504 5.650 14.552 0.557 343.3 9.84 175.3
1.85 0.1750 87.42 0.9057 1.1259 7.450 21.428 0.615 336.0 5.73 105.4
P=25.0
1.20 0.1730 5.42 0.0796 0.0955 0.602 0.766 0.446 361.5 14.50 347.2
1.25 0.1730 6.79 0.1027 0.1230 0.750 1.006 0.446 361.9 14.84 343.3
1.30 0.1731 8.41 0.1300 0.1557 0.923 1.304 0.447 361.9 15.11 338.2
1.35 0.1732 10.30 0.1618 0.1941 1.123 1.666 0.450 361.3 15.32 331.6
1.40 0.1733 12.50 0.1984 0.2391 1.355 2.096 0.454 360.4 15.45 323.7
1.45 0.1734 15.03 0.2405 0.2912 1.626 2.604 0.458 359.4 15.46 314.5
1.50 0.1736 18.01 0.2884 0.3516 1.946 3.213 0.463 358.5 15.33 303.9
1.55 0.1738 21.62 0.3430 0.4214 2.329 3.980 0.468 357.6 15.04 291.7
1.60 0.1740 26.21 0.4055 0.5024 2.791 5.011 0.474 356.8 14.57 277.2
1.65 0.1743 32.26 0.4774 0.5966 3.351 6.475 0.483 355.5 13.85 259.4
1.70 0.1746 40.39 0.5614 0.7064 4,033 8.589 0.498 353.4 12.82 236.9
1.75 0.1749 51.43 0.6617 0.8351 4,878 11.623 0.521 350.0 11.31 206.5
1.80 0.1754 67.41 0.7876 0.9874 6.023 16.090 0.559 344.2 8.86 161.5
1.85 0.1761 147.28 0.9902 1.1836 11.322 39.703 0.708 334.7 1.50 33.8

and the velocity of first sound C,(P, T) are from
Eqgs. (31) and (32), respectively. The entropy per
gram S(P, T) and the normal-fluid fraction

p,/p(P, T) are calculated using Eqs. (33) and (34)
in the Landau theory. The specific heat at con-
stant pressure C,(P, T) and the thermal-expansion
coefficient 8,(P, T) are calculated from the deriva-
tives of S(P, T). The quantity y- 1 is calculated
with Eq. (16). The isothermal compressibility
k=(1/p)(3p/8P) ; is calculated with

(35)

The second-sound velocity C,(P, T) and the fourth-
sound velocity C,(P, T) are calculated from the
thermodynamic quantities using Eqs. (14) and (15).
The data in Table II can be used to take higher
derivatives with respect to P or T to a precision
of a few percent. More precise derivatives can
be found by using the equations of Sec. II and the
Appendix. In Table III we present some deriva-
tives at SVP which are of use in calculations such

kp=v/pC2.

as Doppler shifts and second-order effects.

We have calculated the chemical potential
(P, T) for (V,- ¥,)>=0 by integrating Eqs. (9) and
(10); the results are given in Table IV. The con-
stant of integration was found by evaluating the
expression for the chemical potential (Gibbs po-
tential) of the ideal He gas at 1.2 K and SVP. All
other thermodynamic potentials can be found from
w(P, T) and the quantities in Table II.

B. Precision

The expressions that generated Table II repro-
duce the measured sound-velocity data (a total of
almost 1300 data points) to within the measured
precision (typically 0.2%). This represents di-
rectly a precision in p of better than 0.1%
throughout the table. The precisions of p,/p, S,
and C, are not so easy to determine due to the
smoothing effects of the Landau theory and the
use of only cubic polynomials in the fit. How-
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TABLE III. Second-order derivatives evaluated at SVP.

3(p,/P) 3(p./P) 39Bp 396 aC,
T P 8Cy 10? P oT -10°35 —10%7 T
(K) C, o (bar™!) (K™Y (bar™1K™Y) (K79 (Jg 1K™
1.20 2.724 0.064 0.152 0.47 8.45 1.64
1.25 2.749 0.111 0.188 0.51 7.57 1.97
1.30 2.779 0.158 0.229 0.66 6.79 2.33
1.35 2.808 0.204 0.275 0.90 6.56 2.71
1.40 2.831 0.250 0.326 1.18 7.16 3.12
1.45 2.849 0.300 0.382 1.57 8.50 3.55
1.50 2.862 0.356 0.444 1.84 10.64 4.03
1.55 2.869 0.422 0.511 2.06 13.10 4,55
1.60 2.872 0.502 0.585 2.23 15.37 5.12
1.65 2.871 0.597 0.666 2.37 16.95 5.74
1.70 2.867 0.706 0.755 2.52 17.50 6.44
1.75 2.860 0.826 0.854 2.74 17.02 7.21
1.80 2.851 0.951 0.963 3.09 16.04 8.07
1.85 2.839 1.075 1.085 3.61 15.87 9.05
1.90 2.825 1.192 1.221 4.30 18.87 10.22
1.95 2.809 1.304 1.374 5.14 28.88 11.74
2.00 2.789 1.423 1.557 6.09 50.91 14.04
2.05 2.763 1.563 1.813 7.27 84.61 18.64
2.10 2.731 1.592 2.315 10.69 81.25 30.43
2.15 2.687 1.273 3.126 25.16 190.35 24.08
TABLE IV. Chemical potential. Entries are —u(®,T) (Jg7}).
P T K)
(bar) 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90 2.00 2.10
SVP 14.891 14.897 14.906 14.919 14.939 14.969 15.010 15.068 15.146 15.252
1 14.206 14.212 14.221 14.235 14.255 14.285 14.327 14.385 14.464 14.571
2 13.529 13.536 13.545 13.559 13.579 13.609 13.652 13.710 13.790 13.898
3 12.860 12.866 12.875 12.890 12,910 12.941 12.984 13.043 13.125 13.234
4 12,196 12.203 12.212 12.227 12.248 12.279 12.323 12.383 12.466 12.577
5 11.540 11.546 11.556 11.571 11.593 11.624 11.669 11.730 11.814 11.927
6 10.888 10.895 10.905 10.920 10.943 10.976 11.020 11.083 11.168 11.283
7 10.243 10.250 10.260 10.275 10.298 10.331 10.377 10.441 10.528
8 9.602 9.609 9.619 9.635 9.659 9.693 9.740 9.805 9.893
9 8.966 8.974 8.984 9.001 9.025 9.059 9.108 9.174  9.264
10 8.335 8.343 8.354 8.371 8.395 8.431 8.480 8.548  8.640
11 7.709 7.716  7.728 7.745 7.771 7.807 7.857 7.927 8.021
12 7.086 7.094 7.106 7.124 7.150 7.187 7.239 7.310 7.406
13 6.468 6.476 6.488 6.507 6.534 6.572 6.625 6.697 6.796
14 5.854 5.862 5.874 5.893 5921 5960 6.015 6.089 6.190
15 5.243  5.252 5.264 5.284 5.313 5.353 5.409  5.485
16 4.636  4.645 4.658  4.678  4.708  4.749  4.806  4.884
17 4.033  4.042  4.055 4.076  4.106 4.149  4.208  4.288
18 3.432  3.442 3456 3.477 3.508 3.552 3.613  3.695
19 2.835 2.845 2.859 2,882 2914 2.959 3.021  3.106
20 2.241  2.251  2.266  2.289  2.322 2,369  2.433  2.521
21 1.651 1.660 1.676 1.700 1.734 1.782  1.848  1.939
22 1.063 1.073 1.089 1.113 1.149 1.199  1.267
23 0.477 0.488  0.505 0.530 0.567 0.618  0.689
24 -0.105 —0.094 -0.077 -0.050 —0.012 0.041 0.114
25 —0.684 —0.673 —0.655 -—0.628 —0.589 -—0.534 —0.458
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ever, by slightly manipulating the fit within the
confines of the C, and C, experimental precision
and observing the excursions of the thermodynam-
ic quantities, representative precisions can be
determined. Limits on the precision resulting
from errors in the measurement of P and T occur
only for those few points very near 7,. However,
it should be kept in mind that the expressions that
generated the thermodynamic quantities had the
correct asymptotic behavior built in.

The precision of 8, can be estimated by com-
paring the results obtained using C, and C, [i.e.,
using B8,=- p(8S/8P) ;] with the results using C, in
Eq. (24). However, the crucial test of B, and the
pressure dependence of S, C,, and*® p,/p is in the
comparison of 8, with values measured directly in
other experiments. Figure 2 is a plot of B, togeth-
er with data of Ref. 28 at SVP and Elwell and
Meyer®® at elevated pressures. In view of the
difficulty in obtaining small derivatives precisely
from numerical data, we feel that the agreement
is excellent. In general, the values are in agree-
ment within the experimental precision of the di-
rectly measured B, over a range of more than two
orders of magnitude. (The precision of the Elwell

80, ; 180

(8]
O

8, (10%K)
3

s 140
8 -1.35
é 1.30
g_ 1.25
S
S
=
| ' S N R ST S U NSRS AT S B ST S N B SN S S|
0 5 (0] 15 20 25

Pressure (bar)

FIG. 2. Thermal-expansion coefficient vs pressure
along isotherms. Lines are from this work; points at
SVP are from Ref. 28; other points are from Elwell and
Meyer (Ref. 23).

MAYNARD 14

and Meyer data is given by the maximum of
0.3x 107 K™ or 3%.) The agreement of 8, indi-
cates a precision of 0.2% in the pressure depen-
dence of S, p,/p, and C,.

By considering all of the above factors, the
precisions of the quantities in Table II have been
estimated for various regions of the P-T plane;
the results are given in Table V. The absolute
accuracy of p, 8,, S, and C, depends on the accu-
racy of the normalization data Bg,x(7),
p(SVP, T,), and S(SVP,T,). The relative accu-
racy of p,/p and the sound velocities is determined
by the accuracy of the experimental sound-velocity
data and is within the precisions indicated in
Table V. The accuracy of the derivatives in
Table III is estimated at 3%. The values of the
chemical potential in Table IV are accurate to
~0.01 Jg™ relative to the normalization value.

V. COMPARISON WITH PREVIOUS MEASUREMENTS

Figures 2-6 show graphs of our thermodynamic
functions (solid lines) together with data measured
in other experiments. The data points at SVP in
all figures are from Ref. 28. Figure 2 showing
B, has already been discussed. Elwell and Meyer?®
determined B, graphically from their precision
(0.1%) measurements of the molar volume. These
measurements were made by observing the change
in the dielectric constant of the fluid as the tem-
perature was varied at constant pressure. We
have converted their molar volume data to density
data and plotted the results in Fig. 3. Their data
agree with our p(P, T) to 0.1%.

Figure 4 shows the smoothed entropy data of Van
den Meijdenberg ef al.?® measured with the fountain
effect. Their data have a precision of (2-3)% and
in general fit our entropy to within this precision.

The C, data of Lounasmaa®” have been converted
to C, and presented in Fig. 5. The precision above
1.5 K was reported as 2% and is in reasonable
agreement with the present results. However,
below 1.6 K significant deviations (reaching 10%)
appear. The data of Wiebes and Kramers®® show
better agreement, but their measurements do not
extend above 1.6 K.

The p,/p data points in Fig. 6 are based on sev-
eral different experiments. At SVP, the data
points are based on the second-sound measure-
ments of Peshkov®! and S and C, from Ref. 28.

The data points at elevated pressures for
p"/p>~0.3 (triangles) are from the oscillating
disk measurements of Romer and Duffy.32 The
precision of their data is reported as +0.01, which
corresponds to a precision of (1-3)% in p,/p and
(2-10)% in p,/p. The data points for p,/p<~0.3
(circles) were calculated using the second-sound
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TABLE V. Precision of the results in Table II.

Saturated vapor pressure

Elevated pressures

Intermediate Highest Intermediate  Highest
1.2 K T T 1.2 K T T
p 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
B, 0.2x1079K™ 3% 8% 0.3X1079K™! 3% 3%
Pn/P 0.0005 0.3% 0.05% 0.0005 0.3% 0.05%
0.0002 0.0002
S T K 0.3% 0.6% Jg K 0.3% 0.6%
0.002 . 0.002 .
C, Jg K 0.3% 0.6% Jgl K 0.3% 0.6%
v-1 50% 6% 10% 50% 6% 6%
Kp 0.2% 0.2% 0.8% 0.2% 0.1% 0.2%
C, 0.1% 0.1% 0.4% 0.1% 0.05% 0.1%
C, 0.2% 0.1% 0.4% 0.2% 0.05% 0.4%
c, 0.2% 0.1% 0.4% 0.2% 0.1% 0.4%

data of Maurer and Herlin,* the entropy data of

Van den Meijdenberg ef al.,?® and the specific-heat

data to Lounasmaa.?” The errors in the data com-
bine produce discrepancies of (10-15)%. Prior to
the present results, this represented the best

(gem'3)

Density P

12 14 16 18

Temperature (K)

FIG. 3. Density vs temperature along isobars. Lines
are from this work; points at SVP are from Ref. 28;
other points are from Elwell and Meyer (Ref. 23). Ver-
tical scale has been broken so that an expanded scale

could be used.
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available data for p,/p at elevated pressures. It

should be noted that in Fig. 6 the p"/ p data points

from the different sources do not match smoothly.
There are other discrepancies in the previously

available thermodynamic data. For example,

derivatives calculated with the published entropy
tables deviate significantly from the measured
values of C, and B,. An important feature of the
tables presented here is that they are completely
self-consistent. The thermodynamic derivatives
and the sound-velocity expressions are evaluated

o)
P

T

o
T

| I B RS S SR SRS S A |

0 5

FIG. 4. Entropy vs pressure along isotherms.

10

15 20

Pressure (bar)

25

Lines

are from this work; points at SVP are from Ref. (28);

26).

other points are from van den Meijdenberg et al. (Ref.
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Specific heat at constant pressure Cp (Jg~' K™)

Lo b b b e
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FIG. 5. Specific heat at constant pressure vs pressure
along isotherms. Lines are from this work; points at
SVP are from Ref. 28; open circles are from Lounasmaa
(Ref. 27); solid points are from Wiebes and Kramers
(Ref. 30).

exactly.

In addition to being self-consistent, the data in
Table II represent an excellent experimental pre-
cision. In Figs. 2-6, the precision for most of
the graphs is better than the width of the line.
The precision of p and B, is comparable with that
of the Elwell and Meyer measurements. The pre-
cisions of §, C,, and p./p have been increased by
nearly an order of magnitude over the existing
measurements. A comparison of the sound veloc-
ities with previous measurements can be found in
the preceding paper.

VI. COMMENTS
A. Landau theory

The parametrized Landau theory proved to be
a useful tool in analyzing the sound-velocity data.
However, there is the possibility that the theory
provides more than just a curve-f{itting technique;
there may be some physical significance to the
resulting elementary excitation spectrum. Since
the Landau parameters E_,, and A were adjusted
in the fit without any constraints, quite radical
looking excitation spectra could have resulted.
We obtain, however, very typical spectra, and
the critical parameter A is in reasonable agree-

T=2I5K 210

205 200 195 190 185

Normal fluid fraction £ /p

Lo U o b

0 5 10 15 20 25
Pressure (bar)

FIG. 6. Normal-fluid fraction vs pressure along iso-
therms. Lines are from this work; points at SVP are
from Ref. 28; triangles are from Romer and Duffy (Ref.
32); other points are calculated using C, from Maurer
and Herlin (Ref. 33), S from van den Meijdenberg et al.
(Ref. 26), and C, from Lounasmaa (Ref. 27).

ment with the neutron scattering data. In Fig.
T(a) the solid lines give the temperature depen-
dence of our A along several isobars; the data
points are from the neutron scattering measure-
ments of Dietrich et al.?° At low temperatures
(T/T,<0.8) the data agree to within the precision
of the experimental points. As T, is approached,
there appears to be a systematic discrepancy.
This has been previously observed'®? in studies
of the Landau theory and is usually attributed to
the failure of the Landau theory for large densities
of elementary excitations. However, the work by
Roberts and Donnelly? indicates that the interac-
tions of the elementary excitations should be ac-
counted for by the temperature dependence of A,

There has been some theoretical work®* that
suggests an alternate method of analyzing the raw
neutron scattering data, which gives closer agree-
ment between the neutron A and the parameter A.
We have observed that any analysis that averages
the energy eigenstates with a Boltzmann weighting
factor e~E/*T will shift the center of the broadened
excitation energy by an amount of order I'?/2kT,
where T is the width of the broadening. By using
the I data of Dietrich, ef al. we have calculated
the shift and applied it to our A. The results,
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FIG. 7. Unshifted and shifted roton energy-gap pa-
rameter (solid lines) vs temperature along several iso-
bars. Points are from the neutron scattering measure-
ments of Dietrich et al. (Ref. 20). (a) Unshifted parame-
ter A. (b) Parameter A shifted by I'%/2kT.

shown in Fig. 7(b), fit the neutron data to within
a few percent. We present this only as a numeri-
cal result. The problem of reconciling the neu-
tron data with the Landau theory is still open to
theoretical analysis.

B. Law of corresponding states

One of the most striking results of the analysis
of the sound-velocity data has been the observa-
tion of the law of corresponding states. In Sec.

III C we noted that an approximation to this law by
A would be beneficial by permitting the use of low-
order polynomials in P. However, A was in no
way constrained to obey such a law. After A had
been adjusted, we examined the quantity A/RT, as
a function of 7/T, and found universal behavior
for all 26 pressures to within a standard deviation
of 0.2%. The universal function A/ET, is shown in
Fig. 8; the 0.2% standard deviation is roughly
represented by the width of the line.

We examined other quantities for universal
behavior and found no striking results except for
the superfluid fraction p,/p (and equivalently
p,/p). This quantity scaled to within +0.002 near
T, and to better than +0.001 at low temperatures.
At elevated pressures ps/ p scaled to within the
experimental precision, and the possibility exists

»
o
T

O
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Reduced roton energy gap A/kT,

3OALILIII[IIIJ;JILII
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06 o7 08 09 10
Reduced temperature T/T, (P)

FIG. 8. Reduced roton energy gap A/kT) vs reduced
temperature T/T, (P). All pressures fall on this curve
to within 0.2%.

that p,/p obeys the law of corresponding states
exactly. This would not be unreasonable since
ps/p, being closely related to the order param-
eter,® may be considered the single most signifi-
cant thermohydrodynamic quantity characterizing
He II. Figure 9 shows a plot of p,/p data points
determined from Table II versus T/7T,(P) for all
pressures above SVP. The ~400 data points give
the appearance of a single line. This universal
behavior at points far from the X line is interesting
as well as convenient.

C. Tisza approximation

Now that precise, self-consistent thermody-
namic data are available for He II, it is of inter-
est to examine some of the numerical properties.
One well-known numerical approximation is based
on the so-called Tisza approximation. If one as-
sumes that the superfluid component of He II car-
ries no entropy, then one may write

PS=P,Sp+ PsSs=PuSy- (36)

In the Tisza approximation, S, and consequently
the ratio of S to p,/p are taken to be independent
of temperature. At SVP, the Tisza approximation
appears valid to 3% above 1.7 K, but to only 10%
at lower temperatures. However, for pressures
above 3 bar, the Tisza approximation is valid to
2% down to 1.2 K.

By studying Table II we have found other useful
numerical approximations. For example, C/S is
constant in temperature to a few percent. This
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FIG. 9. Plot of pg /p data points vs reduced tempera-
ture T/T,(P) for all pressures above SVP. The ~400
data points giving the appearance of a single line are a
striking manifestation of the law of corresponding states.
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can be integrated to give a power law for S \and
C,):

S=const T/ S, (37

Except for the lowest temperatures, we have
found that the ratio of any two of p,/p, S, C,, and
B, is approximately constant in temperature and
only slowly varying in pressure. This is evident
in the similarity of the graphs in Figs. 2-6.
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APPENDIX

In this appendix we present the details of the
numerical analysis of the sound-velocity data.
The analysis was performed with a computer, and
for various programming reasons some of the
expressions of Sec. III were given slightly differ-
ent forms. Here we give the expressions and the
numerical values of all coefficients exactly as
they appear in the computer program.

The numerical fits for p and C, are

p/py=1+(R/p)elne + Ale+ ALe?, (A1)
C!._ C/c}lL 3 ’.n
-c—f—1+m+€<;3n€ > (AZ)

A slight curling (~0.1%) of the polynomial fit for
C, was corrected using

Ciimal/c =1+{(15+9.868P—2.254 47P°+ 0.138 062 8P° — 0,002 414 345 P%)exp[- (12.4+0.7P) (T - 1.187) [} x 10™*.

The quantity p, was evaluated using the expression
from Kierstead:

pr=dy+d % +dox? + dx® + dx* + d et (A3)

where x=T,-2.172 K. The X transition tempera-
ture was found by inverting the following expres-
sion from Kierstead:

Py=by+b,x+b,x% + byx®+ bxt+ b et (A4)

The values of the coefficients d, and b, are given
in Table VI. All other coefficients in Eqs. (Al)
and (A2) are fit with polynomials in P. The coef-
ficients of these polynomials are given in Table

r

VIIL

After the first iteration of the program, the val-
ue of § in Eq. (21) changed enough to warrant mod-
ifying the fit for p by ~0.1%. The final p is given
by

Peinat/P=1= (1/p)[3(1 - e™*2F) - 1]x 10™*. (A5)

In the Landau-theory calculations we used for
the excitation spectrum E(p) a smooth curve
determined by the five parameters C,, E_.,, A,
by, and p. The curve was pieced together in four
smoothly joining sections.
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TABLE VI. Coefficients for Eqs. (A3), (A4), (A20, and (A21). Coefficients b, and d,, are

from Kierstead (Ref. 25).

Eq. (A3) Eq. (Ad)
Coefficient d, b, Eq. (A20) Eq. (A21)
subscript 7 (gcm™ K™ (at K™ e, fn
0 0.14841388 0.428 007 49 1.45905 —0.309 06
1 —-0.150735 -95.0719 —-29.703 46 4,97519
2 -0.3298225 ~-86.417 201.399 54 -29.9201
3 —-0.53031333 -103.341 —-556.3564 74.517 67
4 -0.383035 -77.52175 549.236 93 -66.078 84
5 -0.00226388 -0.37827065 41,128 -7.23543
6 36.7348 42,2507 -93.4187 -93.226 07

In the region 0<p<1.1 A1,
E(p)=Cp+ap®+bp°,

where a and d are determined with the conditions
E(1.1 A™Y)=E_,, and dE/dP(1.1 A™*)=0. In the re-
gion 1.1 At <p<(p,- 0.1 &™),

E(P)=Epag—c(p-1.1 A +d(p-1.1 A7),

(A6)

(A7)

where ¢ and d are chosen so that E and dE/dp are
continuous with the roton curve at (p,— 0.1 A™).
The roton region is given by (p,- 0.1 A?)<p<p,,

where p, is the point above p, where dE/dp=C,.
In the roton region, E(p) is parabolic:

E(p)=a+(1/2p)(p - po)*. (A8)

For p=p., the curve was continued with a straight
line of slope C,:

E(p)=[a+1/2u)(ps— po)?]+Ci(p=-1.) .

The parameter C, is given by Eq. (Al). The
parameters p, and p were taken from the neutron
scattering measurements of Dietrich ef al. We
used the following analytic approximations:

(A9)

TABLE VII. Coefficients of the polynomials in P.

po P! p? p? P!
R (gcm™) 0.016 616 0.4986x 1073 0.1051x107*
Ay 0.26456x1072  —0.6758x107? 0.68906 x107° -0.31895x 107 0.54499 107
A, -0.71578x1072 0.744x107? —0.79971x1073 0.3914%1074 —0.68592x107°
¢, Mmsec™) 216.6 8.998 —0.3118 0.8375%1072 0.1133x1074
A Jglk™ 1.275 —0.01412 0.2409x1073
B (JglK 3.8896 —0.089 96 0.1125x1072
Cc (Wmg k™ 14.3 —0.2554 0.0118
B, 0.537 51 —0.038 614 0.24994x1072 0.556x107%
B, -1.7138 0.117 43 —0.560 86 x1072 —0.38891%107°
B, 3.1858 —0.15119 -0.010746 0.22874x1072
B, —2.5374 —0.051 365 0.046 553 —0.38692x1072
Ay (meV) 0.627 99 —0.61918x1072 0.26299x1073 —0.11392x107* 0.1792x10-8
D, 3.354 —0.040 36
D 1.37347 0.144 307 —0.796 015 5% 1072 0.237 418 78 x107°
D, 8.204 29 —1.205 109 0.099 416 33 —0.285386 7 x1072
D, —7.725865 5.690 282 —0.528 8546 0.014576 4
D, 11.14369 -13.83391 1.244774 0.031156 16
D, 7.35531 13.395 59 -1.029535 0.022269 65
E) (meV) 1.176 —0.012 66 0.1036x1072 —0.6156 x10™4 0.1098x107°
Ey 31.73 —0.1061 —-0.01118
E, 19.04 —0.272x1072 —-0.9035x1072
E, 28.31893 1.056 605 —0.085928 8 0.12301194x 1072
E, —22.746 175 —6.081797 0.35421583 0.108 991 59x 1072
E, 38.71383 14.359 708 0.273766 4 —0.049 153 267 8
E, —40.056 795 —-9.8299 -1.9528647 0.103196 458 9
py (He! mass) 0.1197 —0.1356%x 1072 0.2318 x107*
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Do=3.64p'/3(A™) , (A10)
w/pa=1+0.35[1-(T/T,)]. (A11)

The coefficients of the polynomial fit for pu, are
given in Table VIL

The parameters E_,, and A are given by the ex-
pressions

A - A 2/3 2 $ n
W-E+D23< +Dyelne+De+e ; D" ),
(A12)

Emax E)« 2/3 Th< 2 >
=+ F €’/ *+E€lne+ €= €.
T kTA 23 in T ; n

(A13)

The quantities A, and E, are determined by the
conditions S(7T,) =S, and p,/p(T,) =1. The quantity
S, is found from Ahlers,'?

$,=0.011513+0.492 13T, + 0.139 36(1 — T,/2.26)7%3

(A14)

The polynomial fits for A, and F, are indicated in
Table VII

The coefficients D,,, D,,, E,,, and E,, are de-
termined by considering the Landau calculation of
S and p,/p=1-p,/p as a function of y =A/kT and
z=E_, /kT. Then the Landau calculation can be
expanded for small €:

8S @S 8S _ 8S
S$-8,= <a—yDz3+52E23> €34 <—®—D,,,+3£E,,,> €lne,
(A15)
3(p,/p) 3(p./p)
%=‘< ;yp D5+ ;zp By )e/?
9 -}
_< (";3/)”)0,,,4, (pgip)E,,,)elne. (Al6)

The partial derivatives of S and p,/p are evaluated
numerically at 7,. These expressions are equated
to the expressions of Ahlers:

S—S,=Aclne, (A17)

14

p/p=Fk'€3 (A18)

and the coefficients D,;, D,,, E,;, and E,, are
calculated. The polynomial fits to these coeffi-
cients are given in Table VII. The fit for D,, is
given by

D;,=E;,D,3/E;s— 1.178 +0.63 X 1073P
+0.205 X 107P2. (A19)

The other coefficients in Eqs. (A12) and (A13)
are determined from the sound-velocity data.
The polynomial fits for these coefficients are
given in Table VII. By using only cubic polyno-
mials in P these coefficients could be fit at all
pressures except SVP. Consequently small cor-
rections to A/RT and E_, /kT were used:

max

O(E max/RT) = (€y+ €, € + €,€ + €46 + € € + e €% )e P |
(A20)

O(A/RT) = (fo+f €+ f o€ +f €2 +f €' +f.efeF)eP .
(A21)

The e, and f, coefficients are given in Table VI.

When C,, E_.., A, p,, and U are specified,
E(p) is determined, and S and p,/p are calculated
with®!7

4rk E/kT -
S=3 [ (BT - eEn)ptap, (422

Pn 47 eE/ kT
—p—=3kTph3 (eE/kT_ 1)2p4dp ’ (A23)

where % is Planck’s constant. The integrals are
evaluated using Simpson’s rule with an increment
of 0.05 A, The integration was terminated at
p=3 A™! since above this point the integrands were
too small to significantly contribute.

In the computer program, derivatives were
evaluated by calculating differences due to small
changes in T or P (107° K or 10™ bar, respec-
tively).

*Work supported in part by the NSF, Grant No.
DMR7500761-000, and the Office of Naval Research,
Contract No. N00014-75-C-0246.
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