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PREFACE.

~ THE usual point of view in the study of mechanics is that
where the attention is mainly directed to the changes which
take place in the course of time in a given system. The prin-
cipal problem is the determination of the condition of the
system with respect to configuration and velocities at any
required time, when its condition in these respects has been
given for some one time, and the fundamental equations are
those which express the changes continually taking place in
the system. Inquiries of this kind are often simplified by
taking into consideration conditions of the system other than
those through which it actually passes or is supposed to pass,
but our attention is not usually carried beyond conditions
differing infinitesimally from those which are regarded as
actual.

For some purposes, however, it is desirable to take a broader
view of the subject. We may imagine a great number of
systems of the same nature, but differing in the configura-
tions and velocities which they have at o given instant, and
differing not merely infinitesimally, but it may be so as to
embrace every conceivable corbination of configuration and
velocities. And here we may set the problem, not to follow
a particular system through its succession of configurations,
but to determine how the whole number of systems will be
distributed among the various conceivable configurations and
velocities at any required time, when the distribution has
been given for some one time. The fundamental equation
for this inquiry is that which gives the rate of change of the
number of systems which fall within any infinitesimal limits
of configuration and velocity.

viii PREFACE.

Such inquiries have been called by Maxwell statistical.
They belong to a branch of mechanics which owes its origin to
the desire to explain the laws of thermodynamies on mechan-
ical principles, and of which Clausius, Maxwell, and Boltz-
mann are to be regarded as the principal founders. The first
inquiries in this field were indeed somewhat narrower in their
scope than that which bas been mentioned, being applied to
the particles of a system, rather than to independent systems.
Statistical inquiries were next directed to the phases (or con-
ditions with respect to configuration and velocity) which
succeed one another in a given system in the course of time.
The explicit consideration of a great number of systems and
their distribution in phase, and of the permanence or alteration
of this distribution in the course of time is perhaps first found
in Boltzmann’s paper on the * Zusammeohang zwischen den
Siitzen iiber das Verhalten mehratomiger Gasmolekiile mit
Jacobi’s Princip des letzten Multiplicators ” (1871).

But although, as a matter of history, statistical mechanics
owes its origin to investigations in thermodynamics, it seems
eminently worthy of an independent development, both on
account of the elegance and simplicity of its principles, and
because it yields new results and places old truths in a new
light in departments (uite outside of thermodynamics, More-
over, the separate study of this branch of mechanies seems to
afford the best foundation for the study of rational thermody-
namics and rolecular mechanics.

The laws of thermodynamics, as empirically determined,
express the approximate and probable behavior of systems of
u great number of particles, or, more precisely, they express
the laws of mechanics for such systems as they appear to
beings who have not the fineness of perception to enable
them to appreciate quantities of the order of magnitude of
those which relate to single particles, and who ecannot repeat
their experiments often enough to obtain any but the most
probable results. The laws of statistical mechanics apply to

conservative systems of any number of degrees of freedom,
and are exact.

@
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Figwee 18-9 Adiabatic reduction of magnetic field experiments are carried oul more readily with a

superconducting magnet. :
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Table 18-3 Pioneer results in the magnetic production of Jow temperatures

Initial | Initiai m:-“‘::l.c
Experimenters Date Paramagnetic sait feld, temp,, le:-nnp
10% Ajm K >
Giauque and 1933 Gadolinium sulfate 0.64 L5 025
MacDougall
De Haas, Wiersma, 1333 Cerium fluoride 220 135 013
and Kramers Dysprogium sthyl 1.55 135 Q12
sulfate
Cerium ethyl suilate 2.0 £35S 0.085
De Haas and 1934 Chromium potassium 1.96 116 0,031
Wiersma alum
1935 Iron ammonium alum 1.92 120 0.018
Alum mixture 192 129 0.0044
Cesium titanium alum 1.92 1.31 0.0055
Kurti and Simon 1935 Gadolinium sulfate 0.43 1.15 035
Manganese ammeo-
nium sulfate 0.64 123 0.09
Iron ammonium alum .12 123 0.033
Iron ammonium alum 0.66 123 0.072
Iros ammonivm alum 039 1.23 0.114
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l Figwe 18-11 Constancy of Lhe ratio 4 /T, during adiabatic reduction of she magretic field of CMN

K
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7th: Few people think that stars
have color. Most of us recall the
stars as diamondlike points of
white light. But careful observa-
tion reveals a rich celestial
palette. The winter sky offers an
excellent opportunity to test
your perception of the colors of
the stars. The bluish cast of
Sirius or Rigel is hard to mise.
The ruddy glow of Betelgeuse
and Aldebaran is also easy to
distinguish.  Capella, high
overhead, is a yellow star like
our sun, and appears so if you
look carefully, Procyon, in the
Little Dog, is a fierce yellow-
white. The color of a star is de-
termined by the temperature of
the star's surface. The relation-
ship is the same as for an iron
poker in a fire. As the poker be-
gins to heat up, it glows red hot,
then orange, then yellow. If we
continued to raise the tempera-
ture, the poker wouid appear
white hot, or even white with a
bluish cast. Match the color of
the poker to the color of the star,
and you have determined the
temperature of the star.
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8th: Light is an electromagnetic
wave, and these waves can have
differing wavelengths. Wave-
length determines the color of
light. Red light, for example,
has a longer wavelength than
blue light. Hot dense objects,
like stars or pokers, emit a full
rainbow of wavelengths called a
continuous spectrum. The part of
the spectrum to which the
human eye is sensitive is called
visible light. As the temperature
of a luminous body increlises,

Actual page from 365 Starry Nights

two things happen: the total
brightness of the object in-
creases, and the wavelength of
peak intensity shifts toward the
snorter wavelengths (or toward
the blue end of the spectrum). It
is the position in the spectrum
of this peak intensity, relative to
the visible part of the spectrum,
that accounts for the color of the
stars. The human eye is most
sensitive to yellow light, possi-
bly because we evclved near a
yellow star!
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4.4.4 Maxwell’s derivation of the velocity disiribution in a gas

The velocity distribution derived above makes use of the Boltz-
mann distribution. It is interesting to see how Maxwell derived the
velocity distribution before the more general ideas of Boltzmann had
been developed. The following is based on Maxwell’s paper published in
1860,
-—El_-rr_be the total number of molecules, and let «, v, w, be the
components of the velocity of each molecule in three rectangular direc-
tions. Then if the number of molecules [or which velocily component u
lies between u and u +du is nf(u} du, where f(u) is the function to be
determined, the number of molecules for which v lies between v and
v + dv will be nf(v) dv and similarly for w, where f always stands for the
same function since there is no preferred direction in the gas.

Now the existence of the velocity & does not in any way affect that of
the velocities v and w since these are all at right angles to each other and
independent. Consequently the number of molecules whose velocity
components lie simultaneously between v and u +du, between v and
v +dv and between w and w +dw is

dn = nf (u)f(v)f(w) du dv dw. (4.57)

Let this now refer to all those molecules which have a resultant velocity ¢,
where

=uttoitwl, (4.58)
‘We now consider the condition under which the components u, v, w, can
vary whilst ¢ remains constant, This is found by differentiating equation
(4.58) and putting dc = 0; we obtain

udu+vdv+wdw=0. (4.59)
Since no direction is preferred over any other, it follows that dn in

equation (4.57) must remain constant whatever the individual values of
u, v and w, provided these satisfy equation (4.59). This implies that

-(—i—(dn)du+—d—(du)du+—sl—(dn)dw=0. (4.60)
du dov dw

From equation (4.57) this gives
[(w) du f()f(w)+ £ (v) do f)f(w)+ F{w) dw f(u)f(v) =0,

where f'(u) is the differential of f(u) with respect to u, etc. Dividing
throughout by f(u) f(v) f(w) we obtain

f'(u)d +I"(u)(mf'(W)

={. 4.61
7o % ) 90 oy 9 =0 (4.61)

In order to solve equations (4.59) and (4.61), we multiply equation {4.59)

by an arbitrary constant A and add it to equation (4.61), The result js
['(w) ) (f’(v) ) fw)
——+Au)du+|——+Arv dv+(———+)¢w)dw==0.
(f(u) "\ fiw)

Each term must idcnﬁchily be equal to zero, and since du, dv, dw,

although very small are not themselves zero, the quantities in the brackets
must be zero. Hence

[0, o o [0
O T
Integrating this relation we have

Au?

In flu)= _T+A'

—Au.

where A is an integration constant. This may be written in the form
2

Au
f-pe(-A).
2
As Maxwell remarks, if A were negative, the number of molecules would
be infinite, so consequently, A must be positive. The number of molecules
with velocities between u and v +du then becomes

2

dn = nf(u) du = nB exp ( -ATH)

There is no way ol establishing the value of A except by calculating the
mean square velocity ¢ and making use of the gas equation: ime’=kT
It is then found that A has the value m/kT. The result is

dn = nB exp ( —%) du,

which is identical with equation (4.42),



4.5.5 Experimental determination of velocity distribution
In most of the earlicr experimental studies of the velocity dis-

tribution, a furnace was used to produce a vapour of metal atoms, which
behave like a monatomic gas, at the temperature of the enclosure, They
were allowed to condense on a cold surface and, by the ingenious use of
moving shutters, atoms with different velocities were caught at different
points on the surface. The intensity of condensed atoms provides then a
measure of the relative number of atoms within that velocity range. One
method due to L. F. Zartman (1931) and C. C. Ko {1934) is iltustrated in
figure 32(a). Atoms of bismuth are produced by a furnace and the vapour
is collimated by a series of slits, Sy, §,, S;: the vapour beam reaches a
drum rolating at a speed of 6000 rev. per min. and can only enter the
drum at the 5lit S. The atoms then strike the plate P where chey condense;
the fastest ones reaching A, and slower ones B and the slowest C.

A more elegant and refined experiment by 1. Esterman, O. C. Simpson
and O. Stern (1947) gave results shown in figure 32(b). The agreement
with the Boltzmann distribution is surprisingly good.

Figure 32. (a) Method due to Zartman and Ko for determining the
velocity distribution of bismuth atoms: the atoms are evaporated,
collimated by the slits §,, 53, $5 and enter the rotating drum. Tbcy‘
fall on the cold plate P where they condense. (b) Resuits obtained in
a later experiment by Esterman, Simpson and Stern.
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Figure 11.4.  Maxwellian distribution of speeds for nitrogen at 0°C. Most probable
speed tmps = 401 m/sec; average speed B = 453 m/sec: root-mean-
square speed pm = 492 m/scc.
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Figure 11-5 Graph of Maxwell speed-distribution function.

If the speed of a molecule is w, then
2

« = Lmw
and substituting dg,. /Z and ¢ into Eq. (11-33), we gel
2N

dN, = —n“z(k 7 (hmw?) 2w d{we ™ (VHmEIRT)
and finally
dN, IN [m 32
N

The t.:xprcssion on the right is the famous Maxwell speed-distribution function,
and is plotted in Fig. 11-5. Figure 11-6 shows the function for three different

dN,
duw T

E

Figure 11-6 Maxwellian speed distribution at
0 various lemperatures. Ty > 7, > T,

\ow Mr:GS
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chamber
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Figure 11-7 Apparatus of Estermann. Simpson, and Stern for Lhe deflection of a molecular beam
by gravity. 0, oven: F and C, slits; D, detector.

temperalures. The higher the temperature, the wider is the spread of values of
the speed.

Maxwell’s equation for the distribution of molecular speeds has been exper-
imentally verified directly as well as indirectly. One of the most convincing
experiments was performed by Estermann, Simpson, and Stern in 1947, making
use of the apparatus depicted schematically in Fig. 11-7, in which atoms are
defiected by gravity only. Cesium atoms issue from a minute slit in an oven O at
the Jeft of a long, highly evacuated chamber. Most of these atoms are stopped by
the diaphragm F, and those which go through the slit constitute a narrow,
almost horizontal beam. The slit C, called the collimating slit, is halfway between
F and the detector D. The atoms are detected by the method of surface ioniza-
tion, in which nearly every cesium atom striking a hot tungsten wire leaves the
wire as a positive jon and is collected by a negatively charged plate. The plate
current is then a measure of the number of cesium atoms striking the detector
wire per unit of time.

b,
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Figure 11-8 Distribution of speeds of cesium atoms in atomic beam defiected by gravity. ¢ Estermann,
Simpson, and Stern.)

A simple analysis of the parabolic paths of the atoms that pass through F
and C provides a relation between the deflection s and the speed w. The depar-
ture angie @ is practically zero. The experimental resulls are shown in Fig, 11-8,
where the smooth curve is a plol of Maxwell's function and the dots are exper.
imental points.
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Introduction

A sample of wood consists of long cylindrical cells (1 — 5 mm)
called tracheids that run vertically along a tree. A sample

=y
A, 78

4 of wood contains a broad distribution of these cells from the 'ﬁfé
¥ latewood trachieds to the larger earlywood trachieds. Wood CEE f
i also contains ray cells that run radially from the center of ‘;" ’

the tree outwards. The cell lumens have radii of the order
of 10 ym and the distribution and sizes vary for different
species and types of wood. %

- e 11 s 9 AP 5 S RO

Figure 1: Scanning Electron Microscope image of Douglas
fir sapwood, a typical softwood sample.
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