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ABSTRACT.

The diffﬁsion cloud chamber described in this
thesis mainteins the supersaturation necesssasry for form-
ation of ion-tracks by the diffusion of an initially
saturated vapor vertically downward through a non-con-
densing gas to a horizontel refrigerated plate. In this
way it allows vazluable extensions of the cloud chamber
teechnique by overcoming the handicap of a short time of
sensitivity to lons which is inherent in expansion cloud
chambers.

When methyl alcohol vapor is suppllied to the
top of the chamber at 70 degrees centigrade and diffuses
down to the bottom at =45 degrees, there 1s an inter-
mediate region sufficiently supersaturated to show the
characteristic tracks of cosmic ray primeries and secondaries
as well as those due to secondary electrons from gémma-
radiation. Turbulence and convection can be avoided, but
a continuous rain of condensed droplets probably cannot
be completely eliminated.

Calculations have been made to determine what
supersaturation can be attained in a diffusion cloud chamber
of this type. These calculations are based upon certain
simplifying assumptions and are of necessity approximate,.
However, the manner in which each of the independent and

dependent veriables influences the supersaturation is

1llustreted clearly. The calculations permit estimations



of the desirable operating conditions in the cloud chamber
previous to‘their experimental determination.

The construction of each of three models of the
diffusion cloud chamber 1s illustreted by diagrems and
photographs. Informetion oi practical value was accunu-
lated in the course of the design, donstruction, and oper-
ation of these chambers, and is recorded here,

A kinetlec analysis is mede to predict taesoreti-
cally the supersaturation necessary to produce condensation
upon ions in a supersaturated vepor. A thermodynamic anal-
ysis of charged droplets predicts a supersaturation suf -
ficlent for ilon-track formation. A comparison of the two
results shows that the necessary supersaturation as deter-
mined by the kinetic analysis is approximately the 3/4
power of the supersaturation sufficient on a thermodynanic
basls. Thls prediction has not yet been ex@erimentally
verified.

An earller kinetlic analysis predicts a super-
saturation at which spontaneous condensation occurs rapid-
ly without ions. A commarison of tails theory and the one
presented here leads to the conclusion that cloud chambers
cannot show ilon-tracks &t too high a temperature, a pre-
diction that agrees with sxperiments.

Tne theories of condensation of vapors are con-
sidered in relation to the ohenomena in the continuous

cloud chamber,



The further development of the cloud chauwber
is discussed, and the necessary experimental and theo-
retical work is briefly outlined,

The uses of the continuous cloud chamber in

nuclear research are briefly discussed.
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CHAPTER 1 - THE DIFFUSION CIOUD CHALBER.

Introduction.

The pfinciple topic of this thesis is the pres-
entation of a new form of "cloud chamber" which is con-
tinuously supersatu?ated over extended periods of time,

The operation and use of this cloud chamber, which here-
efter will be called the "diffusion cloud chamber" are
based upon the characteristics of supersaturated vapors
in the same way as for the more familiar Wilson expansion
cloud chamber. The diffusion cloud chamber was developed
as a result of efforts to extend the field of usefulness
of the cioud chamber technlque by overcoming the handicap
of the short active period of the expansion c¢loud chamber,
As a result, the new apparatus has applications similar
to those of the Wiison expansion cloud chamber, but never-
theless different in many ways.

In this chapter, a brief description of the
Wilson exXpansion cloud chember will be made for the benefit
of resders unfamiliar with this apparatus. This will be
followed by a brief description of the fundamental idea
invelved 1n the deslign of the diffusion cloud chamber, a
éketch of the design adopted for it, and a description of
how this apparatus acted under typical operating conditions.

In following chapters will be presented the theory
of the operation of the diffuslion cloud chamber, detsils of

designs of various apparatus bullt or proposed, descriptions



of experiments performed, and suggestions of appropriate
uses in the future, Appendices will present information
and suggestions correlated with the design and use of the

diffusion cloud chamber, but not directly bearlng upon 1t,

1. The Wilson expansion cloud chamber,

C. T. R, Wilson invented and developed the expan-
sion cloud chamber in the period between 1897 and 1911, In
Figure 1 is shown & sketch of his apperatus. It is a cyl-
inder closed by a moveable piston at one end, énd covered
by a glass wiﬁdow at the other end; The vclume inside con-
tains a gas saturated with a vapor such as that of water or
s volatile alcohol. This mixbture, initielly at equilibrium,‘
is suddenly, nearly adisbatically, expanded. As a resulb
the temperature of the mixture drops. A simple analysis
shows that at this new lower temperature the amount of vapor
present in the mixture is greater than the amount that would
be present in equilibrium with liquid at this temperature.
One says that the vepor is supersaturated. Quantitatively,
the supersaturation, S, is the ratio of the existing vapor
concentration to that which would be present at the same
tempereture in equilibrium with the liquid.

C. T. R. Wilson discovered that for water vapor
in the vicinity of 0°C, the supefsaturated.#apor would con-
dense to a cloud of rain upon dust pearticles preseﬁt in the
chamber at a small amount of supersaturation (any S>1).

But if the charmber is freed of dust, no condensation occurs
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FIGURE '/



FIGURE 2,

Ion=-tracks as photographed by C. T. R, Wilson,

Top. Secondary electrons produced by x-rays.

Center.

BottomL

Secondary electrons produced by x-rays, etc.,
and a stralght track from some high energy

particle.

Alpha ray tracis,
Left. A cluster of tracks, This is one of the

earliest published ion-track photographs.

Center. A photograph showing several phenowena

of interest. Ses

Right. Alpha ray tracks showing delta ray

brancnes.
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until S 1is about equal to 4. Then the vapor will condense
selectively upon ions present in the chamber. This phe-
nomenen is what gives the cloud chamber its greatest use-
fulness., The droplets which form on the ions can be ob-
served through the gless windows of the chamber and photo-
graphed as illustrated by Figure 2. In this way one may
obtain much information bf value in the field of nuclear
physics. C, T. R. Wilson also found that at about S = 3

a genersl cloud condensation set in, which was not limited
to condensation upon dust or ions, For the observation of
fon-tracks of alpha and beta rays, etc,, the adiabatlc ex-
pansion must be limited so this supersaturation is not
reached, For various vepor and gas mixtures, the desirable
expansion usually lies between 8 percent and 30 percent by

volumne,

2. The'cloud chamber of long time or continuous sensltivity
to ions.

| In recent years there has been some demand for
mainteining the ability of the vapor in a cloud chamber to
condense upon ions over a longer period of time than is
usually obtained, With the customary technique of a sudden
expansion from one fixed volume to another larger fixed
volume, the vapor does not condense upon lons much more
then about one-tenth second after the expansion, principally

because of loss of supersaturation by condensation on the

chamber walls and on other ions, and reheating of the vapor



1t

by conduction and radiation absorption. Then it is
necessary to recompress the gas and, for best results,
one must walt about ten seconds to obtain equilibrium
before another expansion is made. Thus the cloud chamber
is only actually operative about one percent of the time.
But to study phenomena of low probebility and statisti-
celly distributed in time, such as cosmic ray bursts and
emission from weak radioactive materials, one wants an
apparatus operative a large percentage of the time, or
continuously. Otherwlse it 1s exceedingly difficult to
obtaln data of a desirable completeness.‘

Bearden4 found that a slow, large expansion,
only approximstely adiabatic, would make a suitably de-
signed expansion cloud chember sensitive to condensation

1 designed an appa-

on ions for about two seconds. Hoxton
ratus intended to maintain the needed supersaturation for

an extended period, Vollrath2 has desceribed a continuous-

1y active cloud chamber which he calls a "ehemical cloud

chamber . "

3. The diffusion cloud chamber,

The fundamental idea involved in the apparatus
described in this theslis is that in diffusing a vapor‘
through a gas from a region of high vapor density into a

region of low temperature, an intermediate region which

¢ Numbers such as this one refer to the bibliography.
Footnotes will be denoted by asterisks,



is supersaturated with vapor can be produced and maintained.
The walls of the region of high vapor density
must be kept hot enough so the vapor does not condense there,
A supply of vapor must be maintained at all times, from a
boiler or other reservoir, flowing into the hot reglon and
maintaining its high vapor density.
To achieve stability against convection, so that
the diffusing vapor 1is not affected by turbulence, two con-
ditions should be fulf'illed: the cold region must be cooled

by a horizontal refrigerated plane surface beneath the heated

region, and the gas thru which the vapor diffuses downward

should be more dense than the condensable vapor.

Elementary and approximate reasoning was used at
first to justify experimenting with an apparatus to produce
supersaturation on the manner just described. This reasoning
was as follows:

First assume a vapor diffusing downward from an
infinite, hot, horizontal plane surface to en infinite cold
horizontal plane surface. Then in diffusing through the
gas, the partial pressure of the vapor may be made to vary
roughly linesrly.” The temperature gradient can also be
about linear, That is,

(1) p(x) = po + ax
(2) T(x) = To + bx
where x is the height above the floor of the chawmber. But

3% .
Pressure is a more convenient verisble to use than con-
centration.

12
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the saturation pressure, pg, of the vapor is nearly of the

form
(-5 1o .p_s’.. = AH .:I.-. - i
) : & Po R ( T To)

wnich is by no means linear over a wide temperature range.
If h is the height of the chamber, we arrange so that the
pressure of the vapor at the top, p(h) = po + a h, is el-
most as great as the saturation pressﬁre given by putting

T equal to T(h) in the formula for Pg. The supersaturation
'is then

(4) s(x) = p (x)/n{x)

The information contained in these four equations
is shown graphically in Pigure 3, excepting that pg (for
water) was obtained from experimentel data Instead of from
equation 3. It is to be seen from the graph that there is
e region near the cold bottom of the chamber which is highly
supersaturated, as desired. These data for a speclflc case
of water diffusing through air indicate that a temperature
difference of about 100°C between the hot top and the cold
bottom surface is needed to create a supersaturation of
8 = 4., This is the masgnitude of supersaturation indicated
by the results of C, T, R, Wilson, to be necessary for con-

densation on ions.

4. The design of the diffusion cloud cheamber.
On the basis of the simple analysis just given, an

aspperatus was designed to permit diffusion of a vapor between
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horizontal surfaces maintained at a temperature difference
of the order of 100°C. 1In Figure 4 1s a schematlc diagram
of this apparatus.

| The diffusion chamber itself is the volume B, in-
side a recténgular box whose sides are of pyrex sheet glass,

D. The top of the box-like chamber is & metel sheet K, with

meny smell holes (0.015 inch dism, spaced 1/2" apart) com-

municating into the space A, Vapor is introduced into the

space, A, from a boiler, F, at any desired rate, and passes

through the small holes in K into the chamber, B. The space

A, end plate K are kept hot by electrlc heater wires M mounted

in space A,

The floor of the cloud chamber, C, is made of two

- sheets of glass‘between which a refrigerating liquid 1s

pumped. The pump E sends this liquid through a cooling coil
H immersed in a liquid cooled (by ice or dry ice) as desired.

The vabor from fhe boiler, after diffusing through
the gas in B, condenses on the floor and the liquid dreains
back to the boller,

This apparatus, because of 1its lerge flat surfaces
cen operate only very near atmospheric pressure. To allow
for changes of volume of the vapor and gas mixtufe when
starting and stopping 2 run, the gas reservoir N is pro-
vided. ‘

liore details concerning this apparatus will be

found in Chapter IIL




5. The operation of the diffusion cloud chamber.

This cloud chamber was successfully operated with
methyl aleohol diffusing through carbon dioxide gas, when
the top, A, was at about +70°C and the refrigerating liquid
in C was at sbout -40°C. The rate of vepor flow was such
that if one assumed pure vapor spread uniformly in a hori-
zontal plane across the chamber, its linear rate of motion
dovnwerd was of the order of one millimeter per second,

The chamber was illuminated by a beam of light
from a 1000 watt incandescent bulb focused through a con-
denser lens and cooled by a water filter.

When the chamber was being put into operation, and
before the temperatures and vapor flow reached the magni -
tudes specifled above, one could observe at first a dense
fog of condensed drops in the chember. These are explain-
able as resulting from condensation on dust and other small
aggregates existing in the fresh gas in the chamber. After
8 time, thls fog would clear up, and be replaced by a sparse
rain of large drops. These latter drops were formed through-

out the chamber, even near the top, at a rather uniform rate,’

no matter how long the chamber was‘kept operating. Ioniza-
tion (as from radium gamma rays) made no noticeable change
in this condensation, nor was it particularly sensitive to
the exact degree of supersaturation, as evidenced by the
rather constent amount of the rain as the bottom temperature
dropped from the vicinity of 0°C to -40°C, The density of

this rain was not very great, for with the illuminating beam

16



of light turned off, the reain became completely invisible;
the gas in the chamber became apparently perfectly trans-
perent.

If the top temperature was held at about +70°C,
and the rate of vapor flow was held at the right value, then
as the bottom temperature dropped lower and lower, suddenly
& condition was reached near -35°C where ion-tracks could
be observed ln a narrow region about an inch above the
chamber floor, the total depth of the chamber belng seven
inches. As the floor temperature dropped further, this re-
glon increased in thickness and the‘tracks increased in
sharpness and clarity of view, They could be seen quite
clearly by eye in spite of the rain, but could not be photo-
graphed because of the lack of contrast with the background
and the rein. These ion-tracks, of course, fell downward
onto the floor of the chamber within one or two seconds.

At all times there were numbers of cosmic ray
tracks to be seen. Some of these, running horizontelly
across the chember, were visible for twenty inches. A ten
microgram seample of radium brought into the vicinity would
make visible many "wormy" secondary electron tracks from the
gamma rays. But if the radium was heid close to the chawmber
for more than a second, the chamber would become "paralyzed"

and cease to show any tracks at all. This "paralyzing" can

be explained as due to the using up of the whole vapor supply

17?

in condensing on but a few of the many ions present., Occasion-

ally alpha ray tracks were seen when an alpha ray was emitted




upward from radloactive contamination in the liquid on the
floor of the chamber,

One might say that under the best conditions the
tracks of beta rays in this chamber were almost as easily
visible as the tracks of alpha rays in expansion cloud
chambers, Neﬁertheless, lack of contrast balked photography.

The chamber was operated and showed ion tracks on
seven separate days between December 6, 1935 and larch 25,
1936, tnough it was disassembled and reassembled twice in
this interval., It only failed to operate during one attempt
when a serious leak occurred.

The effects obtained with the apparatus described
gbove are not unique. This was shown in the summer of 1936,
when e simple apparatus was assembled and operated at Wash-
ington University in Saint Louis.® Tracks were observed
when a mixture of water and n-butyl alcohol vapors diffused
throuch a mixture of hydrogen and dichloro-difluoro-methane
gases, The top of this apparatus was near 100°C, the bottom
“near 0°C., The results of this experiment corroborate the
preceding results, but the operatlon was in general inferior

to that of the earlier apparatus. See F’?‘”"— 5.

6. OCriticism of the diffusion cloud chamber desciribed in

section 4.

To use any continuous cloud chanber effectively,

¥ peknowledgment is made here of indebtedness to the Physics
Department of Washington University for the use of 1ts
facilities for this work.
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photographs of the tracks iIn it must be obtaiﬁed. To photograph
tnese tracks a dark background and a minimum of spontaneous
rainfall are required, The black background was not pro-
vided in this apparatus, lioreover, in an effort to find
the best operating conditlons, a most important variable
factor is the total gas pressure in the system, But this
first apparatus could only be used at atmospherlc pressure,
Another desiraeble feature not present here, would be a de-
vice for putting radiocactive samples into the chamber while
it is operating.

A cloud bhamber has been bullt incorporating
changes as just suggested. But the changes incorporated
in its design have so far prevented discovery of the con-

ditions to make this chamber show ion tracks.
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CHAPTER II - AN ANALYSIS OF THE OPERATION OF THE
DIFFUSION CLOUD CHAMBER.

l. The problem to be solved.

The operation of the diffusion cloud chamber
will be analyzed for the idealized case of diffusion be-
tween parallel horilzontal planes of infinite extent; that
is,the effects of the side walls upon heat transfef and
removal of vapor by condensation will be neglected. The
effects of side walls will be anﬁlyzed qualitatively in
section 7, below,

Even with this first idealization, the problem
that remains defies exact analysls at the present time,
The physical propertles such as thermal conductivity,
diffusivity, and specific heat all vary with temoerature,
making iIntegration of the differential equations in which
they appear very difficulﬁ. Furthermore, the physical
properties involved are those of supersaturated vapors,
and are experimentally‘undetermined, so that the equation
of state and specific heat can only be approximated by un-
certain extrapolations, For most of the analysis the
equation of state and constant specific heat of a perfect
gas will be assumed., Afterwards the effects of deviations
will be considered qualitatively,.

The problem to be studied is this: Given two
parallel horizontal plates of infinlite extent, the upper

and lower plates at uniform and constant temperatures

B e L e e T T e ———



T, and T, respectively, and T, greater than T,. The
plates are a constant distance apart, h, A gas and a
vapor are present between the plates at a pressure PB,.

The top plate is permeable to vapor but not to gas; fresh
vépor is continually introduced to the space between the
plates through the upper plate, whose temperature is held
a little above the condehsation temperature, Condensation
occurs when the vapor reaches the bottom surface, This
surface 1s a liquid film which is held at the constant
temperature To.

Only the steady state problem will be studied,
in which the vapor diffuses dovmward with a constant flux,
of ¢, grams per cm.2? per sec, As already pointed out, it
is assumed that the vapor 1is transferred by a pure dif-
fusiony no convection exists except that inherent to the
diffusive mass transfer.

Throughout the calculations, it is further as-
sumed that‘there is no condensation of vapor in the body
of the gas between the glass plates, Part of the vapor
actually does condense into drops, This effect will be
accounted for to some extent 1atér, but will be ignored
at first.

The 1independent parameters will be T, T, P,,
cy1, as defined above. Of course, the particular gas and
vapor used are subjects of cholce also, Numerical éalcu-
lations will be carried out for the case of methyl alcohol

Aiffusing into :

vapor, carbon dioxlde gas,
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The unknowns to be determined are princiﬁally
(%), D,(x), S(x), where x is the position between the
parallel plates, measured up from the lower plate, and
T, D,, and S are the temperature, vapor concentration,
and the supersaturation of the vapor, respectiveiy at x.
Other quantities of interest to be deternined include
the amount of heat transfer by conduction, convection,
and radiation and the concentfation of gas, etc.

‘The analysis and calculations which follow in-
volve approximations which will be noted as they are made,
The snalysis will nevertheless give a reasonable plcture
of the physical situation.

As justification for the calculations to be made
one may emphasizé that direct measurements of conditions
in this type of apparatus are either impossible, or exceed-
ingly difficult; and furthermore, calculations throw con-
siderable light oﬁ the phenomena involved. As an example
for the experimental difficulties, one may mention the
measurement of the temperature of the gas-vapor mixture.
No instrument can be introduced into the gas without vapor
condensing upon it, liberating latent heat of condensation,
and thus raising the temperature above that actually pre-

vailing in the gas.

o. The diffusion problem.
As a basis of the analysis of this problem,gre-

cent publication on diffuslon has been used. This article
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by Kuusinen™™ showed that for the one dimensional diffusion

of a binary mixture, the equations obeyed are of the form

D

(1) ¢2 =wD -k 7
JD

(2) 02=WDe-k ——:z-
. : X
(3) | W =¢; V, + Cg Vg

where ¢y, Cp are the fluxes of the two materials (in gm.
per cm.® per sec.,); D,, Dp are the concentrations (in gm.

per cm.3)s and k 1s a diffusion constant the same for both

directions and both materials; v, and vg are partial volunes

(for perfect gases, the volume of gas per unit of mass* at

a total pressure Po). Then w 1s the net convection velocity

measured in terms of partial(molai)volume.%% Under these
condifions, k can be (but 1s not necessafilY) a constant for
varylng composition of the mixture, However, diffusion is
a function not ofAchange of concentration, but, in a some-

what more general sense, of pressure, Since the system to

“ Kuusinen cells v, end v, partisl molal volumes, but since
¢y and cp are to be measured in terms of mass flux, v, and
v, must be "partial volumes" of the constitutents per unit
of mass rather than per mole so that the units may be con-
sistent.

s#4# Kuusinen's contribution conslsts in showing clearly how
the convectlve flux must be obtained by considering per-
tial molal volume flux rather than mass flux, number of
molecules, etc, This is a detall that has usually been
neglected.

=24
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be studied is not isothermal, this becomes an important
consideration. If the vapor end gas are consldered per-

fect gases,

il ' I
—a
(4) D, = R Pa s Dg = RT Pe

where R 1s the gas constant per mole, and Iy and Mgy are
the moleculer weights of the constituents, py and pg their

partial pressures so that

|5
== -
‘J
4W]

ol ; P
5) Cq = W == - kot R
( * BT °* RT oX
_ I!‘].z - Iﬂz a pz

(6) Cp = W == Da k == 3

In the particuler problem to be solved here, let
subscripts(y) refer to the vapor, and (z) to the gas. Then
in the steady state diffusion of vapor ¢; is constant and
Cs is-zero. Also, héving fixed the teuwperature et the
bottom plate, the lower limit bf the vapor pressure of vapor
is fixed, so that the initial vapor and gas pressures, Dio
and pgos ore fixed in terms of lmown physical data, TFurther-
more, if the perfect gas laws are used,

RT RT

Vqa = Vo =
(7) * ki1 Py ’ 2 7 lgP,

In Kinetic Theory of Gases, by Loeb, p. 273, (Third Edition)
it is stated thet the diffusivity varies with temperature as

some power between 1.75 and 2.0, and inversely as the pres-




sure. Therefore if ko is the diffusivity at a unlt pres-

sure of one atmosphere, and at the temperature To

(8) | K = ko(1/P6) (T/To)
where
(9) 1,75 < (a + 1)< 2.0

The equations to be solved are now

a+1
Pl ko T I!‘ épl
0 Cy = € ™ = :

(10) * P, PO[TO RT ox
and

Ho P ko | T o+l ig 9Pz
(11) 0=cy —R2 =2 |—| 2=

ia Po  Po LTo T OX
The relation
(12) pr + Pg = Po

allows one to determine p, from Pas so only equation 11
need be integrated directly.

Also T is a function of x which varies from To
at x = 0 to T; at x = h, but the exact manner of its veri-
ation has not as yet}been discussed.

It 1s desirable, before passing on to the analysils

‘ of the tember ure distribution, to make a few remarks con-

cerning the validlty of equations 5 and 6. These equations

may not be strictly correct for diffusion combined with a



temperature gradilent, but if the temperature does vary they
avoid the ebsurdity obtained when concentration is used as
variable, of indicating a gradient 5f total gas pressure,
It 13 believed that equations 5 and 6 are sufficlently
accurate to be used In the following analysis. The complete
analysis of the diffusion would have a complexity not war-
ranted by the inaccuracy unavoidable in other parts of the
present analysis, New and unknown quantities would be in-
troduced by a more complete analysis.

For example, consideration of thermal diffusion
would necessitate lmowledge of the magnitude and form of
the forces between the gas and vapor molecules. The thermal
diffusion effect tends to create a separation of light and
heavy components of a gas mixture, the lighter component
concentrating in the hot region., This effect would be ex-
pected to decrease the diffusion of a hot vapor into a cold
gas of higher molecular welght,below what 1t would be 1if
the effect did not exist, But the total concentration
gradients experimentally produced by thermel diffusion never
~produce concentration gradients of a megnitude comparable
to those involved in the diffusion cloud chamber.26 It would

eppear, therefore, that this factor is safely to be neglected.

3. The temperature distribution problem.
Wnen equilibrium conditions between the plates
have been established, the flux of energy is constant, as is

the flux of vapof. The energy is carried by convectlve trans-

o




fer of the vapor, molecular transfer of vapor and gas, and
radiation, Radistion will not be considered in computing
the temperature of the gas; it will be assumed that the
emissivity of the vapor and gas is small enough to neglect
this factor., Dropwise condensation of vapor, as previously
noted, will also be neglected,

The flux of energy resulting from the flux of
vapor, c¢,, will be c,H where H is the enthalpy of the vapor
per gram, If the vapor 1s considered to be a perfect geas
with a constant specific heat, the enthalpy measured from

a zero gt Tp will be
(13) H= C,(T-T,)

The flux of heat resulting from moleculer trans-
fer is -K (dT/dx). The conductivity K varies with tempera-
ture and composition in s manner that 1s but poorly known
in the simplest cases. It would be difficult to justify
the added complication of using anything more than a linear

approximation,

(14) K=K [1+D(T-T) ]

The total energy flux, neglecting radiative flux, 1s, then

4aT
f = H-K—
(15) Ci ax

o

@0



- Now c, and f are negative numbers, For convenlience in later

work, substitute,

(1s) P=~71, a= =¢cq C

The energy flux equation is then
(17) F=at+ K (1+bt) dt/ax.

For initial conditions x = 0, t = 0, this glves an integral

(18) -ax/K, = bt + (1 + Fb/a) In (1 - at/F)

4, Further analysis of the vapor and gas density distribu-
tion problem,

In section 2 the approximate differential equaticn
for the gas pressure, pg was obtained. (equation 11) It may
be put into the following form:

o t O dpg _ CiRTo
(19) Ape = +37) = » A=70%

For equation 18, one may obtaln x as a function of T or t,
rather than t as a function of x, It is simplest, therefore

to make & change of varisble here,

o

(2p) Pz _ Gpp  dt _dps = (F - at)
dx  dt dx  dt Ko (1 + bt)

29



and

dpg Ko (1l + bt) dt
Apg  (1+t/T)* (F-at)

(21)

5. Calculations on the diffusion of methyl alcohol through
carbon dioxide under certain specified conditlons,

| In this section numericel results will be presen-
ted for certaln cases of the diffusion of methyl alcohol |
through carbon dioxide, on the basis of the preceding analy-
sis.

Physical date have been obtained from various

sources. (See references 35 to 38.) The data as presented
here have been converted to forms complying with the needs

of the equations already glven,

Diffusivity for methanol into carbon dioxide.

Experimental data give k = 0.0880 in cm®/sec at
0°C end 1 atm., with (1l + a)= 2 in equation 8, within the
limit of error, from 0° to 50°C., For lack of any other
information, this velue of (a + 1) will be used over the
whole range of temperafures invp}ved in this problem, from

=40°C to +70°C. Then for T, = 273°- 40° = 233°K,

kK = 0,06411, a=1

“n g
b



Specific Heat of Methanol, Cy-

The dete of Fiock, Ginnings, and Holton?? are

all thet were found., Their data give (d&H/dT) along the

saturation pressure line for methanol vapor. This function

is not the same as C but probebly does not differ much

p.’
from Cp. If this assumption is made, & mean value of Cj,
for methanol vapor between -40°C and +70°C may be estimated

to be gbout 0.25 cal./gm.‘

Heat Conductlivity, K

In the range of 0°C to 100°C the conductivities
of methyl alcohol and cerbon dioxide are the same within
about five percent., This coincldence allows an approxi-

mation for K independent of the composition, One obtains
-5
K=K (1 +bt) =2.86 x 10 (1 + 0,0048%)

where Ko = 2.86 X 10° 1s the conductivity at -40°C
(t = 0 at =-40°C), end b = 0,0048 is the temperature co-
efficlent of conductivity. K is also neerly independent

of pressure.

Initiel botfom temperature, To is taken as =-40°C for =

whole series of calculetlions. The effect of changing the

temperature will be consldered below,

Pressure, Po, will be taken as 1 atmosphere at first, and

later the effect of varying it will be demonstrated.
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Height of chamber, h, will be teken as 40 cm,

Saturation pressure of vapor at -40°C, is 0,00196 atm. for
1 35

methano

Final top temperature, will be taken as +70°C, so t, = 110,
T, = 343.1°K

Energl flu; gnd maperial flux,

These two quantities are interrelated by the

energy flux equations which have been obtained in sectlon 3.

(17) F=at+ K (1 + bt) dt/ax.
(18) -5x/Ko = bt + (1 + Fb/a) 1n (1 - at/F)

The first of these equations states that the energy flux
consists of two parts, In this problem both terms on the
right side are positive, so that the total energy flux is

always greater than the convective heat flux, or
(22) FYat = -cy Cp ¢t

But (2t) is a meximum when t 1s a maximum, that is, t = t,.

For convenience in later calculations, let the

factor of proportionality between F and the maximum value

at1 be

(23) . r = F/at} = £/ci0pty

Then as r veries in value, one is simply indirectly choesing
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a velue of the flux 61. Note that r 1s of no great sig-
nificance, but is a convenient parameter relating the total
energy flux to the meximum convective energy flux, c1Cpta.
The desirable range of r is that for which the
temperature falls off roughly ﬁniformly from top to bottom
of the chamber. It may be estimated that this will be the
case if only about half the heat is carried convectively
at the top of the chamber, that is, r = 2; 8o ¢, and F will

be caleculated for three values of r: 4, 2, 1.2.

From the Integrated equation for x,

(24) -ax/¥o = bt + (1 + rbty) 1In (1 - t/rt,)

At X =h, t = t,

(25) ~ah/K, = bty + (1 + rbt-.) 1n (1 - 1/r)

which allows the determination of ¢, = -a/Cp,

X _ bt + (1 + rbt,) In (1 - t/rt,)

and

(26) o bty + (1 + rbty) 1n (1 - 1/r)

which allows the determination of x = x (t).

If (t/r t,) is small, the logarithm can be expanded, giving

(27) .:Lhrrt E‘+(1+rbtl){ (rtl (I"t )

Values of c,, F, and x/h for the chosen values of r will be

found in Table I.




c
o

The gas pressure, Pg

For any chosen value of r corresponding to a
chosen ¢, and F, pg may be found by integration of the

equetion 21 in section 4, In this problem one has a = 1

so that
dpg _ Ko (1 + bt) dt

—_—== =2 which gi
(28) Ape F (1vt/Ty) (1-at/F) gives
Pz _ —To _ RToKo [ - A
(20) 1n 22 = Z e (1-bTo) In(1+£/Te ) {1+brt; ) In(1-t/rt, )

This equation has been solved for several cases, and the

results are tabulated below in Table I.

6. The effects of varying the conditions of operation in the
- diffusion cloud chamber,

- The tabular data of Table I on supersaturation are
reprodudéd graphically in Pigure 6. From this greph it may
be inferred that the éupérsaturation attéinéd‘increases
roughly linearly without the flux of vapor.

Suppose that a minimum supersaturation of 4 1is
néeded to get condensation on ionss then wifh conditions
given by curve I in Figure 6,rone would scarcely expect to
see ion tracks. By increasing the rate of vepor flow 2.5
timés, tracks shouldkbé seen for a régionfabout eight centi-
meters deep, s shown by curve II, Increasing the flow
~another 2.5 times as fer curve 11l would increase the region

of visibility of tracks very little, although the maximum
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supersaturation would be increased considerably, But an
excessive supersaturation introduces new difficulties be-
cause of spontaneous qondensation.% One may expect, there-
fore, that there will be an optimum rate of flux, probably
in the vicinity of 2 or 3 x 10 ° gm./cm.®/sec. for the par-
ticular conditions for which these celculations have'been
made, .

The greph, Figure 7, made from data in Table I,
shows how the temperature varies with height in the chamber.
The straight line illustrates the apprroximation for tempera-
ture used 1n Chapter I, One may observe the magnitude of
deviations from this approximation by comparison of the

straight line and the curves,

Effect of Varying the Temperatures, To, Ty

To determine the effect of a dhange in temperature,
consider what happens when the temperatures T, and T, are
simultaneously raised 5.5°, and lowered 5.5° from the values
used for the preceding calculations,

The diffusivity, ko, specific heat Gp, and the heat

conductivity K, ell change by small amounts which can be

- neglected., The same 1s true of b and a., The pressure P,

~chamber helght, h, and ﬁémperature range (t, = 110) are all

presuned constant at the same values as hefore, The value

- of r will be taken as 2, the middle value in the preceding

* The spontaneous condensation will be considered in more
detall below, See also Appendix I.
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calculations.* Then it will be noted that the changes in
heat and material fluxes, f and c,, are negligible. Like~
wise for the ratio pg/pao, changes in value are second order
effects.

The change in P1s 18 of major importance, Conslder-

ing only this change, one can calculate the change in super-

saturation as a result of changing temperature, as in Table II

following.

The information contained in Teble II 1s repeated
graphlcally on Figure 8, One may conclude from the curves
shovm that there 1s an upper limit to the floor temperature
for which ion-tracks can be seen, Lowering the floor tenmpsra-
ture five to ten degrees below this upper limit should make
the formation of visible tracks possible over a conglderable
region., Still more lowerlng of the temperature not only in-
ecreases the peak supersaturation (1.6 times for 5,5° lowering)
but also aquite appreclably increcases the depth of the region
sensitlve to condensation on ions. Therefore one may expect
the chamber to operate best for a floor temperature consider-
ably below the maximum allowable, However, one cannot Dbe
sure as to where there might be an optimum floor temperature,
because of the conflict of the effect just discussed with the

effect of spontaneous rainfall to be discussed below in

section 7.

% . R
" This simply means one is chosing a partilcular magnitude of
vapor flux, c¢,.

W

i.‘)
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Effect of varying.the chamber pressure, Po.
P, does not appear in the equations for x/h ver-
sus t or pg/Pae Versus t., It enters, however, when p; and

Pe are calculated.

(30) Peg = Pj‘ (Po = DP1o) iz Po
Dao DPsge
~
=Po"25_'(Po‘Plo)=Po (1-2_@,-)

(31) P1 °s >
_ f 20

(The approximations are good excent very near t = 0)
Thus it appears that for a given flux of vapor, the super-
saturation will be very nearly proportional to the pressure

of operation.

Effect of changing from methanol to ethanol as a vapor for

the chamber.

Ethanol vapor might be used in this apparatus
wlth carbon dioxide, since the‘molecular weight of ethanol
is but slightly greater than that of carbon dioxlde (46 and
44 respectivelyﬂ In this case 21l of the physical data of
the preceding calculations must be changed. The general
effect of the change may be presumed, however, to be an in-
crease in’the supersaturat;on, other things being kept nearly
equivalent. Fof at»the Saﬁe“tempéfaturé,vthé'saturation

vapor pressure of ethanol is only about half that of methanol,




while changés in heat conductivity, heat capééity, dif -
fusivity, etc,, are not so large and the effects of some
of the changes tend to cancel out, leaving the change in
saturation vapor pressure as the major cause of change in

supersaturation attained relative to methanol,

Effect of varying the depth of the chamber, h.

For a given value of the ratio r, there 1is no
'change in the distribution of temperature or vapor accord-
ing to the preceding equatlons, but the heat and material
fluxes both decrease in proportion as h inecreases, One might
conclude offhand that the depth of the chamber is not an im-
portant variable, However, the total amount of spontaneous
condensation may be expected to be proportional to the depth
of the chémber. The amount of vapor lost in this condensa-
tion is, then, proportional to h, while the total vapor
supply is Inversely propoftional to h., As a result of these
superposed effects which decrease the supersaturation below
that calculated above, the chamber cannot be expected to
show ion tracks if it is too deep. Without complete infor-
mation on the spontaneous rainfall, it is impossible to pre-
dict the optimum depth of chamber to maintain the greatest

region sensitive to lons.

7. Consideration of factors previously neglected which in-
fluence the supersaturation. |

The side walls.

A supersaturated vapor condenses readlily upon a
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solid or liquld surface. Therefore, near the side walls of
the chamber one cannot expect much supersaturation, and so
the chamber depth should be considerably less than its
horizontal dimensions, A ratio of width to depth of four
to one seems to be adequate,

The side wail temperature distribution should be
nearly the same as that naturally prevailing-in the gas
phase, otherwise cqnvection currents will be set up next

" to the walls, and perhaps extend far out into the chamber,

Deviations of the ppqperfies gg‘the vapor for those of a

perfect gas.

In this case equation 18 becomes

m
L
f = H=-X =—=2¢ — da7T - K ==
(32) 01. 3 1 (dT) - T
T D, 1

[}

T~
o A QH) dp, ar
= Cy [(JT) + (Jp T dT - K ax
Ty P T
T T
= C,dT - Cc.a K'gg
= C p ¢i/  MCudpy - K 3¢
‘ To T, |

The necessary thermodynamic relations were obtained from
the tabless by P. W. Bridgman42. If the Joule-Thomson co-
efficient,/a s i1s positive, as one may expect 1t to be,

the temperature at a point in the chamber will be lower
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than if/u is zero, The value of/a is not known for super-
saturated methanol vapor, but it would have to be tremendously
greater than is usual in order ﬁo have any appreciable influ-
ence on the conditibns in the cloud chamber.

The value of Cp is also influenced by the Joule-

Thomson effesect.

i

, : Ov\® 2V
s (33) Ch=0Cy = T 5-5) /(;p
« _ o o

n

Cy + 9/4Cp + V) <§L$,)
. v

To a first approximation, pv = RT. Then (Qp/bT)v = R/v, and

(34) ¢p = (Cy + R)/(1 + /if-})

which indicetes a reduction in the value of Cp on account
of the intermolecular forces. C, itself may be expected to
increase slowly with temperature.

- The type of deviation from the state of a perfect
gas just considered 1s such as to influence the temperature
distribution analysis. Another type of deviation which
affecté the analysis of the vapor distribution is concerned

with the equation of state and its relation to the diffusion

problem, This problem would be quite difficult to analyse,




Also, no experimental information is known to be availlable
on the equation of state of a supersaturated vapor. On the
one hahd one may expect the deviations from a'perfect gas
to increase with the supersaturation. On the other hand,

in the part of the cloud chamber which is most highly super-
saturated,-the vapor concentration is low compared to what
it is near the top., One may hope that the lowering of vapor
pressurg‘will counteract the tendenéy toward increasing de-
viations from the berfect gas laws so that thé analysis al-

ready given is not seriously affected.

The spontaneous condengation.. | 4 7

Of all the factors neglected in the earlier anal-
ysis, this is undoubtedly the most important and the most
difficult to consider completely.4 Thié condénsation which
occurs all throughout the chamber may be a result of more
than one céuse. At 1éast part may be ascribéd to a spon-

taneous condensation of the type analysed by Farkaslo,
9’10, Beckeri? 12’15. The analysis in

Volmer , and others

- its complete form as given by Beéker is reproduced in Appen-

dix I, Brilefly, the result of this analysis 1s an equation

(35) Ing Sep = k (E) . (Pl) , k £ 0.5

In thisrequation, S.., represents a Moritical" supefsaturation,

cr
for which about one droplet of condensation is formed in one

cm®, of volume per second. If thls rate of droplet formation

a8



is called J,n, and the rate in general is J, it is shown
in the appendix that for a value of S slightly greater
than Scr’ J may be given approximately by a relatlon of
the form '

E

I _/s ‘
(36) . = (S ) where 50 <E<K 250
er cr

That is, the spontaneous condensation increases enormously
faster than the supersaturation, beyond the critical value
of the latter.

One may conclude that it is impossible to exceed
materially the value of supersaturation given by S, above.
For any greater supersaturation will be attended by rapid
condensation, reducing the supersaturation back to the
viecinlty of Scr'

There may be more cbndensatiqh than is predicted
by the theory of Becker, There may be additional condensa-
+ion on dust or on molecular aggregates introduced in some
obscure fashion, perhaps by overheating a vapor like methancl,
by contact of vapor with a liquid surface, by evaporation from
¢ontaminants of high molecular weight, étc. It is difficult
to detect when such effects are present, They ere likely to
be very elusive., But such causes of condensation must be

kept in mind, looked for, and eliminated,
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Condensation upon diffused ions, such as might interfere

with the operation of a continuous cloud chamber.
In that region of the apparatus asbove the pert
where ion tracks are likely to be produced, ions are con-

tinually being produced by cosmic radiation and gamma rays

- from materials in the vicinity. Uost of these will be

carried down into the region sensitive to condensation on

" ions, and by causing condensation there,~they will decrease
vthe supply of wvapor available for lon=-track formation., The

- number of these lons can be expected to be proportional to

the depth of the chamber and to the pressure of the gas in
it. It would be desirable to remove these stray ions be-

‘fore they enter the sensitive region, A vertical sweeping

field between the top and bottom of the chamber might re-

move up to half of the stray ions. The other half would be

swe?t downward to the sensitive region of the apparatus., A

grid of any sort placed in the)chamber is not likely to be

successful, Condensatlion upon it is 1likely to remove more
vapor than the stray ions would, However, only experiments

can solve this problem conclusively.
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8. Conclusions concerning the choice of operating con-
ditions for the diffusion cloud cheamber.

In this chapter the value of the supersaturatién,
3, hess been calculated analytically. Then by analogy to
the superssaturations found necessary to produce ion~tracks
in an expansion cloud chamber, general inferences have been
drawn concerning how a diffusion cloud chamber should act,
eand the proper order of magnitudes of necessary conditions
have been estimated.

In Chapter IV condensation phenomena as functions

of superssturation are discussed, In section 7 of that

chapter there is further discussion concerning the operation

of the diffusion cloud chamber,
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CHAPTER III - THE DESIGN OF DIFFUSION CLOUD CHAMBERS.

Introductién.

This chapter presents the most importent infor-
mation that mey be of value in designing other diffusion
cloud chambers, as gathered from the design, construction,
and operation of three models already bullt,

A composite of experience with all three cloud
chambers will be presented rather than great detail upon
one of them, Most emphasis will be placed upon the things -
sometimes seemingly minor details - whilch have previously

caused most trouble and lost time,

1. 'Various models of the diffusion cloud chamber,

| For the sake of brevity in referring to them,
the three models of diffusion cloud chamber wlll be called
simply “chamber A", "chamber B", and "chamber C",

Chamber A was bullt June to December, 1935, 1Its
construction is illustreted by photogrephs, Figures I0 & 9,
end diagrams, Figures 4, 11, 12, 13, & 14, Its form 1is
essentlelly that of the sketch (Figure 4) in chapter I,
section 4, and 1s the one whose successful'operation is
there described.

Chember B wes assembled June to September, 1936.
It is shown schematicelly in Figure 4. The fact that this
simple apparatus did show ion-tracks illustrates that once
the optimum conditions have been found for running a chamber

with a good combination of materials, some such simple, non-



FIGURE 9.
Views of Chamber A,
Top and bottom. - Shows the chamber stripped of its %é

outer insulating glass windows.

iiiddle. = View of chamber completely assembled for | i%

operation.

'FIGURE 10 - next page over.
Chamber A,
Top. - View of chamber witih insulating 1id rewmoved to

show insulating window arrangement.

Bottom, = Chamber completely assembled for a run with

light bean turned on.
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FIGURE 10a.
Photographs of chamber A in operation.
The white color of most of the floor is due
to frosting on its under side, The vertical streaks

are felling drops of condensation.
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FIGUREES 12 - 13 - 14,
on thls nage and next two pages

Detail sections of chamber A,
FIGURE 12, shows the essential parts of the struchure.

FIGURE 13 shows how a tie-rod holds the various psarts
together; and also shows an electric heater
wire mounted on a porcelain insulator inside

the vapor distributor,

FIGURE 14 shows the vapor distributor system and ther-
morieter well also seen in bottom photograph
of figure 9, at the center of the top of tle

chamber,
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FIGURE 14




flexible epparatus may be made which will be satisfactory
for nuclear physics research uses.

Chamber ¢ is illustrated by photographs and line
drawings in Figures 16 through 20. It was under construc-
tion September 1936 ﬁhrough September 1937. This apparatus
was intended to work through a wide range of pressures, and
for this reason principally, its construction was the most
difficult and the time insufficient to find the conditions
for it to show ion tracks.

o, lajor design factors.
The major factors which influence deslign of this
type apparatus will be considered in this order:
A. Visibility of the interior.
B, Refrigeration of the chamber floor,
¢. Heating of the chamber roof and distribution of
the vepor at the roof.
D. Vepor supply to chamber roof.
E. Prevention of turbulence of gas.
F. Prevention of leaks.
on, Visibility and photography.

It is essential that one should see what goes on
within the cloud chamber, Secondarily, one needs photo-
graphic records, to make quentitative measurenents upon
fon-tracks to determine their length, direction, curveture,
ete.

A fundemental conflict in the problem of visi-

bility is this: The chamber should have sma2ll depth




Views of chamber C from opposite sides.

Pointer referred to in Figures 18 and 21.

FIGURE 17. MNext page over,
View of chamber C partly assembled. Pointer
on picture points to boiler. Two pointers at left

point to motor and pump.

FIGURE 18. MNext pege over.

Two views of phenbmena in cloud chamber C
observed when condensation on the roof of the
chamber drips down to the floor. The splash pro-
duces vortices of fog and a general fogging. The
streaks are splashed droplsets in mid air, Views
are through window marked with arrows in Figure 16,

top. See also Figure 2l1.
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FIGURE 19.
Cloud chamber C,

A vertical section through the axis.

FIGURE 19A - next page.

Upper diagram shows plan view looking down on
the main flenge ring of the lower part of the chamber
(indicated by YY in Fipgure 19)

Lower diagram 1s opened out view of tank

Wall, Z-Z .

- Bolt holes for 1/2" bolts holding upper and lower
tank parts together.

drain outlsts for chamber floor.

Refrigerating system inlets.

Refrigerating system outlets,

Bolt holes for 1/4" bolts fastening ring that holds
down upper floor plate,

Bolt holes for ring holding down lower floor plate.
ter groove for rubber gasket.

Groove for lead gasket.

Position occupied by refrigerating system pump -
Figure 22.

L., - Positlion of legs on tank,

li-N=-T - Positions of portholes as indlcates.

pP-Q-R-S =~ Positlons of pipe nipples as indlcated.

T. - see M-N above,

W. - boiler and lead pipe position (connescts with P).

p See Figure 20 for detalls,
Y-Y. - lower and upper mein flange rings, respectively.

Ameh BHoaow »




Vapar‘ Disiributor

Refrigerant
Inlet
Manifold

Scale ":1°

C/oud Chamber C
Freure 19,

3 Horstmq St‘raps

‘ Two Portholes of

/ This Type, T
s

4
“
.

Four Portholes of
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FIGURE 21,

Views through window marked with srrow in Figure 16,

bottom,
The pattern outlined here
é::/‘
light reflected =/ sean 1n black
from drops on ===Z7->  cloth floor
wrinkled parts ——f7w~/’ R '
of black c¢loth N ‘ | ’
floor. » ;//« - drain hole bolt
~ ~/_/ L // head “
oo ¥~ drops condensed

T T ~ — —= ‘on thermocoiiple
 lead wire
is explained as shown.

To the right of the ebove pattern is a field
of droplets illuminated by the arclisht beam., The
diagonal streaking is a result of their falling ver-
tically downward, The angle of view is about 45° from
the vertical, looklng dovm on the rain.

The streak-like and zigzag patterns of cloud
in these plctures are associated‘with'dréps of conden-
satlon falling from the roof.

The general fog in the two center pictures
comes from the type of fog in Figure 18, settling down-

ward.,
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FIGURE 22.
Pump (K in Flgure 19 A) for cloud chamber C.

stainless steel shaft, press-fitted to brass rotor, B.

Cast lron casing in which rotor B turns.

Motor shaft, fastened to shaft A by set screws,

Inlet pipe for liguid, |

outlet pipe for liguid.

Gas pipe line for pressure equilibration, to main cloud
chamber tank.

Baffle plates and tubes to cut out turbulence and swirl-
ing, so as to keep gas from being pumped through the
pump rotor.

Flange on upper part of tank (Y, in Figure 19A).

Flange on lower part of tank (Y, in Figure 194).

Motor, 3 phese, 220 volt, 1/6 h.p. “

|
|
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compared to breadth, to avoid turbulence (say 1 to 4
ratio). Then the region sensitive to ions is a very
shallow one (in chamber A, one inch deep, 20 inches hori-
zontally) of great breadth. But if one views the tracks
through windows in the sides of the chamber, which are
the only places where it is easy to put windows, the view
of most of the tracks is poor because of foreshortening,
A better angle of view through top or bottom, or both, re-
quires glass windows in these places, difficult things to
provide effectively., For example, the glass windowed port-
holes in the top and bottom of chamber C could not be used.
The view from the bottom had to be cut off by a metal
chamber floor, and from the top by a metal vapor distri-
bution system,

With water vapor in chamber A, dropwise condensa-

tion on the glass sides hampered the view., Alcohols usually

- gave clear liquid film condensation on windows, but liquid

running down the surface often distorted objects in the
chember,

Air moisture formed dew or frost on the outside
of cold glass surfaces, This was best avoided by having
an extra insulating window, Then a metal surface colder
than the inner glass window, if placed in the dead air
space, would keep frost off the inner glass, An air blast
on the outer surface kept it free of dew.

Observation through the double glass floor of

chamber A was hampered because the refrigerating liquid



between the glass plates could not be kept clean, The
same diffiCulty was encountered in chamber C, For this
reason (and others) the glass floor technlque 1s to be
avolded if other satisfactory methods can be found to
make the chember interior adequately visible. However,
with perfectly attainsble precautions this type of con-
struction 1s certalnly feaslble, and will givé a good
view of the interior of the chamber, The shallow pool
of condeﬁsed vapor on the floor of the chamber does not
interfere with the view.
It was foundlthat droplets were most brightly

11luminated at the smallest angle between the direction
of observation and the illuminating light beam. At right
angles to the beam it was always hard to get enough light
"to see or thtOgraph droplets.,  This 1s the same experience
as is had with éxpansion cloud CEambers.

| To illuminate chamber A, a 1000 watt incandescent
spot light bulb and a condenser lens gave a beam bright
enough for visual observation and crude photography. See
FigurZ$10. This spot light, however, gave a rather diver-
gent light beam which produced an unnecessarily large
amount of scattered and reflected light in the field of
view.' For use wlth chamber C, the spot light was replaced
by & high intensity motion picture projector arc operating
at 60 émperes, 80 volts., This arc supnlied as nmuch light
as one‘could want,

The high intensity light source introduces a new
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difficulty. For this beam contains energy of the order

of hundreds of watts, even after it heas passed through

one inch of copper sulphate in water solutlon and through
1 1/4" of ordinary plate glass, In chamber C it was ob-
served thet when this beam struék a black cloth wall, the
heating produced convection currents which induced cloudy
condensation effects far out into the chauber, The beam
should pass out of the chamber through windows. Otherwise,
even if it does not produce cdnvection currents it is cer-
tain to impose an unnecessary load on the floor refrigerating
system,

Photographs of phenomena in chamber C were made
with the light source just described, on 35 mm, panatomic
film in a 5 cm., focal length camera, at an angie of 45° to
the beam, in 1/25 to 1/100 second at F 1:9, However, a
continuous light source is only needed for.visual observa-
tion. Photographs could be made just as well or better with
a high intensity flash of the type develbped by H., E. Edgerton.
The intermittent source would cut down the detrimental heatbt

convection effects described above,.

2B. Refrigeration of the chaumber floor,

The complexity of thls problem can vary tremen-
dously according to the design of the apparatus and its
intended use, Gloud chamber B, for example, onlyrneeded
a gear pump to circulate lcewater from a vessel of cracked

ice, under the metal floor, and back onto the ice.
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The most complex case contemplated was the
following: It was desired to pump clean butyl alcohol
between glass discs 33" in dlameter at -50°C,'w1th ve-
locity great enough to keep the temperature gradients
small through the floor énd across it from side to side.
The cloud chamber was to operate at pressures diffefing
from atmospheric, in an atmosphere of carbon dioxide gas.
A1l simpler cases may be derived from this one by appro-
priate simplifications, of which only the more important
will be discussed.

A temperature rise of 4°C for the refrigerating
11quid from inlet to outlet seemed to be tolerable with-
out producing turbulence, in chamber A, This implies a
tolerable temperature gradient across the chamber floor
of the order of 2°C per foot.

' A temperature as low as -45°C did not crack a
sheet of plate glass. The glass was mounted in rubber
vgasketed metal frames, Platé glass 1/4" thick is moder-
ately strong, but 1/8" glass is too weak for a sheet two
feet square or larger,

Glass plates 2 feet square (Chamber A) are_notb
as strong as plates 35“ iﬁ diameter, Either is in serious
denger of bursting with a three foot head of water on one
side. The volume of space between plates 33" in diameter
increases by several quarts on account of bulging when
when the pressure rises from zero to one foot of water.

Metal plates can be bolted together to avoid this bulging.




The edges of round plates {glass or metal) are
much mbre easlly sealed than those of sduare plates,

The two glass plates should be 3/16" to 1/4"
apart, but not so much as 1/2" apart, if adequate flow
‘velocity is to be maintained. |

The liquid was introduced between the two disecs
of glass at five points around 180° of the circumference
and removed at a cluster of five exits opposite. The flow
distribution appeared to be adequatelyvuniform. Scmzfﬁqlqa,

With square glass plates (chamber A) the liquid
| flowed from side to side very simply. With round metal
" floor plates, liquid could best be introduced at the middle.
Glass discs, however, are seemingly bettér not weakened by
a hole through the middle, but no tests were made to find
out experimentally., See [iqure 24.

If the refrigerated alcohol 1is to be clean, a
gear pump cannot be used, Packing grease and graphite
and ground bits of brass from the gear teeth form a dirty
colloidal suspension, '(Chamber A). Algo rust from iron
’or steel fouls the liquid. (Chember c).

Lubrication problems in cold alcohol can be
satisfactorily avolded by a vertically mounted centri-
fugal pump with no béarings Whatever beneath the liqﬁid
surface, ‘The pump which was used with considerable success
on Chamber C is shown in Figure 22. |

The pump in Figure 22, when first designed sucked

bubbles of gas into the ligquid, It is shown with the baffle
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| system which finally avoided this source of gas bubbles.
Another source of gas bubbles in the 1iquidvis
that geas which may leak into the pipes. This can happen
when chamber C is operated below atmospheric pressure,
because this chamber was designed as a sealed unit with
ﬁhe refrigerating liquld at the same pressure as the
chamber, in order to avoid a large pressure on the flat
floor plates which would inevitably break them, even if
of metal and not glass, Chamber C had many parts of the
liquid system piping exposed to the atmosphere, so a
vacuum leak could seriously displace liquid by air, A
pressurevleak, if large, might cause a filre, if small it
is impossible to find because the liquid evaporates as
fést as it leaks, This leads to the rule: As much as
possible of the pipling (gas as well as liquid) should be

enclosed inside the main vacuum or pressure tank and thus

minimize leakage of all sorts.
Carbon dioxlide is extremely soluble in alcohols

at -50°C. Such large quantitles will dissolve in the re-

frigerant butyl alcohol as to interfere with the operation

of the cloud chamber, Then, when the alcohol 1is allowed

to warm agaln after stopplng a run, it effervesces, and

the carbon dioxide liberated displaces the liquid to quite

a large extent. This problem was solved by filling the

space over the pump (Figure 22) with nitrogen, This space

communicated through a small tube with the main body of
the apparatus which was filled with carbon dioxide.

s




If glass floor plates are used, an otherwise
minor feature of design needs special emphasis, Particu-
lar care must be taken that the back-pressure at thé out-
let from thé plates be kept very low. To keep this pres-
sure sufficiently low with a liquid flow of about ten
gallons per minute.x requires liquld outlet piping with a
cross sectional area of about three square inches for a
length of only two feet. This outlet piping is best hori-
zontal, in order to avoid syphon effects, which have been
found to be undesirable.

The motor which drives the liquid circulating
pump (Figure 22) for chamber C is enclosed in the system,
This motor%uhas given entirely satisfactory operation as
long as liquid alcohol is kept out of the bearings. The
technique of sealing the motor into the system and thus
avolding leakage through packing glands is quite satisfactory.

2C. The vapor distribution system and the heating of the
roof of the diffusion cloud chamber.

These two phases of the design problem are in-
separably bound together, For the vapor must be distri-
buted over the whole roof of tne cloud chamber, and the
distributor, no matter whet i1ts nature, must e hot enough
so that vapor does not condense upon it. The top is cer-

tain to lose heat by radiation and conduction to the bottom,

* The motor is 1/6 h.p., vertical ball bearing, totally en-
closed, 3 phase, 220 volit, squirrel cage rotor, Century
Electric Co. -
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so that heat must be supplied to it.

Ohly one satisfactory distribution system was
developed. This)consisted of a brass plate (K, Figure 4.)
witn small holes (15/1000" in diameter) distributed uni-
formly over the surface 1/2" apart. The total punched outb
area of the plate was less than 1/10 of one per cent of
the total plabte area. The vapor supplied to the space above
the plate spre_ad out and flowed guite uniformly through all
the holes. Heat was also supplied from the upper side of
the plate. To minimize radiation, the lower side of the
plate was chrome plated.

’ In chember A, the distributor plate was heated
by a bare chromel wire strung above 1t on porcelain insu-
lators (Plgures 4 and 13). This method worked and was
simple, but was undesirable because of the fire hazard
assocliated with it.

In chauber C, a satisfactory heater design was
worked out, although involving difficult construction. In
every fourth space between rows of holes, a 1/4" copper
tube containing an electric heater unit was soldered down
to the brass plate. This tube was a single piece about
36 feet long, zigzagged back and forth to cover the whole
area of tne brass plate nearly uniformly, and the ends of
the tube were extended out from the chamber to the atmos-
phere, through compression fittings. The heater wilre was
No, 18 B & S Gauge chromel, insulated with two layers of

braided asbestos thread. This heater developed an erratic

e



leakage (resistance )of about 3000 ohms; which was probably

due to a carbonized lump of cotton in the asbestos., The
cotton had not been burned out before drawing the wire into
the copper tube in order to avold breaking the physically
weak asbestos. It is suggested that in future construction
of such units the cotton be burned out of the inner layer
of asbestos before the second layer is woven over it, and
so decrease the probablility of formatlion of a complete car-
bon brildge from heater to ground. This information has
been given because commerclal heater units of types compara-
ble to this one are not made in lengths approaching 40 feet.
The punching of the many small holes 1s a problem
of sufficlent difficulty to be worth mentioning. To have
drilled the 4000 holes in the 1/32" brass plafe for chamber
C as was done for chamber A, would require about 100 hours.
However, a punch of the design sketched in Figure 23 can
be used to drive cone shaped holes through a 1/32" brass
plate, with any diameter desired at the smaller end, No
punched plate cowmparable to that described here 1s avall-

able commercially.

2D. The vapor supply to the chamber roof.

The vapor for chamber A was evaporated from liquid
alcohol in a two liter glass flask heated by a steam jacket-
ed oll bath; The evaporation took place with very little
turbulent boiling., The rate of vapor flow provided by this

boiler was approxlimately that desired.



FIGURE 23. Punch to put smell holes through 1/32" brass

plate. A schematic diagram.

FPIGURE 24. Types of floor drains for double metal floors.
A is space between floor plates. I is type
used; II is proposed type. Dotted lines in-
dicate drain holes through bolts.
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Vapor for chamber B was generated at the roof
of the chamber itself, by evaporation from the liquid in
the tray (Figure 5). The liquid was heated by an electric

heater in the cover of the tray, and the vapor passed down

| through tubes into the cloud chamber space benecath. The

primary fault of this arrangement is that it inflexibly
associates the rate of vapor flow and the temperature of
the chamber roof, These two variable factors should be
kept independent at the present stage of development,

The boliler for cheamber C is 1llustrated by

Pigure 20. It consists of a section of steel pipe con-

talning a commercial type of electric immersion heater.
The rate of heating is variable between zero and 750 watts
by the use of a Variac autotransformer. The whole boller
is enclosed in another section of pipe whose purpose is

to jacket the vapor supply boiler just at or just abovs
the boiling point temperature, A chlef fault of this de-
sign is that there is no provision for visual observation
of the conditions inside the boiler. Another thing that
should have been provided was a vapor flowmeter of some
sort in the line betwéen boiler and cloud chamber, For it
is highly desirable to have as direct informsation as possible
on every vital functioning part of the entire apparatus,
1f the phenomena essoclated with 1its opération are to be
analysed in detall,

.The metal boiler used with chamber C is open to

"suspicion as a cause of the failure of this apparatus to




produce ion tracks, Some chemical action of the metal,
which was not present in the glass boller of chamber A,
might produce enough additional molecular aggregates on
which condensatlion occurs, to prevent ion-track formation.
Another possible source of these aggregates is an effer-
vescénce of gas from the liquid alecohol which drains back
into the boiler from the chamber floor. This alcohol may
contaln a very large quantlity of dissolved carbon dioxide.
When the liquid is heated, the rapld evolution of the gas
may, by splattering, produce condensatlon aggregates.,
However, the suppositions just presented as to
sources of condensation nuclel are only two among many
possible., A whole field of research upon molecular aggre-
gation of vapors 1s involved in tracing down possible
causes of condensation. Thls is a nearly unexplored field

of research.8

28, Prevention of turbulence and convection,

Chamber A was nearly free of turbulence and con-
vection currents. Its type of construction,with side walls
of an insulating material, and with the breadth of the cham-
ber large compared tovits height (4 to 1) seems to be the
most satisfectory. A rafib of breadth to height of 2 to 1
as tried with chamber B (and for a time with C) is not to
be recommended. Also, the metal walls of chamber C would
not reach a correct temperature distribution, so that cir-
culation currents had to be stopped by an inner "false

wall" of cloth, which acted as an insulating sheath.
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Another polnt to be emphasized is that no extra
volume of gas should communicate with the main chamber

space, unless through one small tube or hole. Any more

extended interconnection is almost certain to lead to
destructive circulation currents,

If the vapor is of higher molecular weight than
the gas in the chamber, turbulence probably cannot bev
avoided., Turbulence of a mild sort was evident in chambef A
when methanol (m,w., 44) diffused into nitrogen (m.w. 28),
but not when methanol diffused into carbon dioxide (m.w, 44).

2F. Prevention of leaks. .

Chamber A was operated very near to atmospheric
pressure, but even so there were troubles wilth leakage at
some of the many glass to metal joints, and especially at
the corners of rectangular joints. It has now been found
that pyrex glass cylinders two feet 1n diameter are made
commercially. Such a cylinder and a round chamber floor
would simplify design, construétion, and sealing of a cloud
chamber similar to A,

The vacuum and pressufe problems encountered with
chamber C are essentlally those of high vacuum technique
with a few modifications, A particular lesson was learned

from chamber C. - Design the apperatus as if it were to

- work at atmospherlc pressure. Then enclose it in a steel

tank whose purpose is solely to withstand the pressure for-

ces, = The tank is not to be the cloud chamber itself, Only




the bare minimum of chamber parts should be outside the
walls of the pressure tank,

The following experimental information obtained
- while working with chamber C 1s presented for the benefit
of those who may contemplate construction of a similar
chamber.

(1) The construction of the main flange joint be-
tween the top and bottom of the tank was en-
tirely satisfactory. A lead wire in the
1/4" x 1/4" groove in the lower flange was
compressed to a ribbon extending across the
whole bottom of the groove., See Figure (4.

(2) The windows of plate glass were entirely leak-
proof when fastened between flange rings with
wide, soft rubber gaskets (gaskets on botn
sides to avoid cracking).

(3) Certain types of fittings are particularly to
be avolded wherever they might be subjeet to
pressure gradients, These include pipe unions,
valves and valve-stems, sleeve type compression

‘fittings (for copper tubing), compression fit-
tings to hold glass tube liquidllevel gauges,

(4) Good arc welding is leaktight. A particular
specification not to be overlooked is that pipe
nipples welded into a tank must be of good seamless
gteel tubing., Ordinary iron pipe does not make

a satisfactory, tight joint.




(5) The most desirable type of pipe-fittings were
found to be the "Streamline" solder typé fit-
tings for use with copper pipe. These are
made by the lueller Brass Company. They may
be obtained in forged and cast brass ﬁnd drawn
coppér. They can be used repeatedly and flex-
ibly. In particular, they havé the advantage
that where a threaded type assembly would have

to have a union joint, these do not. Further-
more, for experimental work, there is the ad-
vantage that the pipe system may be cut open
anywhere and without delay rejoined, simply by
soldering together again with the proper kind
of fitting. The only drawback to their use 1is
the fire hazard in reworking a system that has

contained flammable materials.

3., liinor design features.

Certaln minor detalls of design causeé more
difficultles in construction and use of a continuous
cloud chamber than might be expected., Some of these are
discussed briefly here, along witn some other details of

design so successful they are worth recommending to others.

3A, Corrosion.
Chamber C was buillt of ordinary steel plate. In

a tank of this size any other material is much more expensive.
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The steel will rust badly in the presence of water and
alr, or even if the air is replaced by carbon dioxide.
Rusting is less serious in dry alcohols, The metal sur-
faces can be quite well protected in the presence of
alcohols and water by resin coatings such as Glyptal or
Bakelite, The latter is the more resistant to alcohols,

A serious corrosion was encountersd in the
vessel where the refrigerating alcohol was cooled by dry
ice. Heat transfer to the dry ice from the coil through
which the refrigerant circulated was faclilitated by a
liquid in which the cooling coil was immersed., If thils
~liquid was left standing in the vessel when the appafatus
was not in use, the copper cooling coil was rapidly cor-
roded. The high concentration of dissolved carbon dioxide
acceierated the pxidizing action of air, and the corrosion
became very rapld in the presence of carbon tetrachloride

that was added to reduce flammability.




33. Floor drainage.

It is possinle to drain the condensed liguid from
the horizontal floor of the cloud chamber (either A or C)
so that the liquid is less than 1/8" deep. If the floor

is made of metal it is simple to do so because a hole can

be put through the metal without ihterfering seriously

with the refrigerating system liquid flow. See Pigure 24,
But if the floor is glass, it 1s inviting breakage to putb
a hole in it and to cement a drain tube into the hole. One
may drain the liquid over the edge of the glass., This
drain must pass through a gap in the frame that holds the
glass against the gaskets which seal the refrigerating
liquid system. The gap must be large enough to insure
that surface tension effects do not stop the liquid flow.
In addition, the tubing beyond the initial gap must allow
free flow of liquid without possibility of becoming air-
bound, Siphons cannot be relied upon because of the gas
which comes out of solution and destroys the siphoning
column. lechanical pumps are very likely to become air-

bound for the same reason.

3C. 'Freezing of liquid on the chamber floor,

There is no danger of freezing any alcohols in
the’temperature,rahge needed in the diffusion cloud‘chamber,
because they may be cooled until their saburation vapor
pressures are negligible without freezing. But water must

be cooled pracitically to its freezing point to bring its
y g g
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saturation pressure down to five millimeters of mercury;
just within the possible range of operation. (See

Figure 3). The refrigerating liquid will have tovbe
below zero to maintain the surface of water near gzero,
and then the water is liable to freeze inside the drain
pipe. Such a difficulty may undoubtedly be overcome, but
methyi alcohol avoids it altogether. This is one reason
it was used in chamber A rather than water,

This is an opportune place to mention that for-
mation of snow could be studied in this cloud chamber, by
diffusing water vapor to the floor refrigerated to -40°C
or colder. The snow could be washed off the floor by a
slow flow of alcohol and thus be formed contiﬁuously while

its formation was being analysed.

3D, Light beam water filter.

The water cell which takes the infrared radiation
out of the high intensity arc beam should have a Pyrex
window on the side nearer the arc, The water cell can be
cooied conveniently by a jackaf of flowing water. If the
cell wall is made of copper, the cell can contain copper
sulphate solution without‘protection._ Torprevent corrosion
if the cell is made of anything else, a rubbér lining can
conveniently be cemented to the metal wall with Vulcalock

cement made by B, F. Goodrlcn Co.‘



3E. Electrical leads,
Electricity may convenlently be brought into
the sealed tank through automotive'spark plugs. It is

best to design the apparatus so that tne connections %o

the plugs inside the tank do not need to be disturbed to
open or close any part of the spparatus. However, if it
is impossible to avoid the necessity of disconnecting the
inside wire conﬁection for disassembly, two-piece spark

plugs will permit the disconnection. The operation may

be annoying, but it is simple,

SF; Dry ice refrigeration.

The refrigerating system liquid passes through
a cooling coll in a vessel containing pieces of dry ice
and some liquid to act as a heat transferring agent. Lvery
liquid tried in this vessel foamed up to several timeé its:
normal volume. If the vessel was large enough in propértion
to therheat transfér rate, the foam broke rapidly enough so
it could be ignored. But the neat transfer capacity of a
given size of vessel can be increased several times by an
alr blast from a fan blowing across the foam surface, It

1s suggested that in future the vessel be closed so the

liberated carbon dioxide is taken out of the laboratory

through a flue, Then a fan installed in the vessel can

make a blast of the liberated carbon dioxide gas itself,
and so avoid the unnecessary refrigeration of the air in

an air blast.
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3G. Heat insulation,

Glass wool® is a convenient and clean insulation
for heat or cold which may be handled repeatedly without
serious deterioration. It may be used exposed or, orefer-
ably, put into moderate sized bags.

Glass windows must be insulated by another glass
plate, Windows at low temperatures (-40°C) are best insu-
lated by two extra plates sealed together, A single outer
insulating window becomés sweated with molsture rather too

easily.

3H, Thermocouples. ’

Thermocouples should'be provided wherever it is
of any importance4to determine the temperature, Mercury
thermometers are extremely inconvenient. Thermocouple

leads may be brought out of the tank through spark plugs.

3I. Vapor line heating.
- The vapor passing from the boiler to the distri-
butor plate in the cloud chamber must be kent hot. The

vapor line may be jacketed by another vapor line. If the

line is of metal, the jacket may be assembled out of
"streamline" fittings very simply. Tne vapor line can be
electrically heated. In this case it is more difficult o
determine the vapor line temperature, but easier to vary

it over a wide range.

Y [',)'
¥ "Red top Wuheral Wool ", United States Gypsum Co.



4, Conclusions concerning diffusion cloud chamber design.

A diffusion cloud chamber might be designed with
either of two principel uses uppermost in ones mind. It
might be intended only for use as a tool in nuclear rescarch,
or it might be intended prineipally for use in the study of
the condensation phenomena themselves, This latter use must,
at least‘for fhe present, be the one for which a diffusion
cloud chamber 1s constructéd. It will be economical to con-
struct an inflexible chamber simply for nuclear research |

only when experimental conclusions are reached as to exactly

e

=
g

what the optimum conditions for operation may be,

In order to find the best operating conditions to
produce iqn-tracks, the apparatus must be built flexibly,
and this of course makes its construction tend toward
complexity. However, whenever a particular set of operating
conditions are chosen, the construction can be simplified

and the operation made highly automatic.

* It should be made clear that there may be no one optimum
set of conditions. In fact, in any design problem one
is 1likely to have to make arbltrary decisions as to
where to compromise conflicting effects bobtin of which
lead to difficulties,
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CHAPTER IV

The condensation of a supersaturated vapor upon ions,
Introduction.

In this chapter the condensation of vapor upon
jons will be discussed 1n some detell, because of its fun-
damental bearing on the useful operation of all cloud
chambers.

In Conduction of Electricity in Gases (Editlon

III, pp. 325-334) by J. J. Thomsonl®® there 1s a rather
complete dlscussion based on thermodynamlcs,of the proper-
ties of electrically charged droplets. Starting from
this point, a kinetlc analysis of the condensation of
vapor upon such droplets should give a more complete theory
of the phenomena which occur. Such an analysis is presen-
ted in this chapter, It follows and extends the methods
of Beckerl4 for uncharged droplets.

For a complete understanding of the analysis
to be given here, one should refer to Appendix I where
Becker's analysis is given for the simpler uneherged prob-
lem of the formation of uncharged droplets.

1. Thomson's equatidn.

The vapor pressure, Pp» in equilibrium over a
droplet with an electric charge, ., 1s given to a good
approximation by Thomson's equation,

I _2_0'_‘ _ €3

1 - = —_—
(1) n pr/p FRT r 8TTD'I'4



Here D' is the dielectric constent of the vapor, r is the
radius of the drop, P. is the normel vapor pressure over
a flat surface of the liquid at a temperature T. Also i
is the molecular weight, O the density, of the liquid in
the drop. In deriving this equatioh certain assumptions
sre involved: thet the surface tension, 0", is independent
of drop size, that the vepor 1is far below the critical
preésure, and that there is no electric double layer on
the surface of the drop.% For the following analysls
these assumptions are implied by the use of this equation
in further calculations.

The graph, Figure 2&, shows the values of P/ Peo
obtained from equation 1'for‘water and methyl alcohol drops
with one unit of charge™* and at 0°C. The radius is meas-
ured in terms of & dimensionless parameter defined below by
equation 11. This graph, as well as equatlion 1, states
thet if a charged drop has a radius r, then vapor at a

pressure p, (end at the same temperature ) will be in

¥ por consideration of dielectric properties of the liquid,
" see reference 1D, :

** p11 the following analysis is intended for drops with

charges of one electron unit. :

#¥ ppermel equilibrium may not actually exist when a drop
is growing. See reference 28. But in a cloud chamber
where the vepor is mixed with a much larger number of
molecules of an inert gas, thermal equilibrium is prob-
ably near enough to the truth so calculetions are not
invalidated, See references 11, 12 for experimental
confirmetion of the theory of condensation of uncharged
drops, where thermal equilibrium was also assumed.
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equilibrium with it., Note that there is a maximum value
of pp, which will be called the critical pressure, Dpe
Suppose now that there exists a supersaturated
vapor at a pressure p,, SO that
(2) S = pn/pos
defines its supersaturation. The "crltidal supérsatura-
tion" will be defined by
(3) Su = Pu/P e
If the actual supersaturatidn exceeds S., the pressure of
vapor is greater than that in equilibrium with any charged
drop. In this case one may state with certainty that vapor
will sooner or later condense upon any ion in the vapor to
produce a large, vislble sized drop.
The use that heos -often been made of the super-
saturation value %P derived from Thomson's equation has

often been such as to imply that this is the necessary

supersaturation to make a cloud chamber show ion tracks.

It is, rather, a sufflclent supersaturation. The necessary

supersaturation will be shown to be appreciably less, if

the theory to be presented is valid,

o, The kinetic plcture of the growth of charged dréplets.
Consider a supersaturated vapor whose supersatura-
tion is less than the critical valuse, Sx. There are two
real velues for the radius of a charged drop 1n equilibrium
witn this vapor. (S3ee Figure 2&). The smaller size (radius

rm) is in stable equilibrium with the vapor, and the larger




size (radius r,) 1s in unstable equilibrium. An ion in-
troduced into this vapor may be expected to collect vapor
molecules very quickly to form a stable sized drop. This
drop will fluctuate in size because of the statistical

nature of the individual gains and losses of molecules,

‘and 1t may eventually growrlargér"than‘rn{ Having reached

the latter size, it has a large probability of continuing
to grow to visible dimensions.

As a measure of the probability of an ion growing

to visibility one may use a half-life, A, which is defined

in a menner similar to that used in radioactlvity decay
problems, Theat 1s, one considers a whole group of ions as
present in the supersaturated vapor, Then A 1s the time
interval in which half of the ions are removed from the
vapor, by forming large drops which fall out of the vapor
volume.

The fluctuetions in size of drops which lead to
thelr growth are computed quantitatively by the same method
that has been used previously for uncharged drops.g’lé‘
One considers that the "vapor pressure of the drop" i1s the

same thing as the equilibrium vapor pressure over 1it, pn.

The vapor pressure of the vapor is pn. Then

(4) probebility of losing one molecule _ pp

probability of gaining one molecule  pp
is the important relation of the statistics to the calcu-

lable quantities which is used, and allows one to compute

a8



the probability of a small drop growing larger, untlil it

finally becomes mecroscopic.

3. Terminology end calculations for the half-life,}~,

as a

function of supersaturation.

The. terminology has been made as simllar as

possible to thet of Becker'® (Appendix I). Definitlons

of most of the symbols follow:

Py =
Pn =

Poo =

vepor pressure of a drop cbntainingz/ molecules,

the vepor pressure existing in the chamber, a constant.
vapor pressure over a flat surface of liquid at the
prevelling temperature.

number of molecules in any drop of liquid.

s for drops that are removed from the chamber

and s >>n where

n for the (larger sized) drop in unstsble equilibrium
with the supersaturated Vapor of pressure pp.

m for the (smaller sized) drop in steble equilibrium

with the supersaturated vapor at pressure pp

- number of electrically cherged drops in 1 cm® (all

essumed to have one unit of charge only) contalining z/

molecules,

= 0 beczuse of the assumption drops of this size are

removed.

Zpy will Dbe assumed to be essentislly equal to the number

Jd =

of ions present per cm3, and maintained constant.

rate at which lonized drops grow to size s and are

O R —F ey sw— 1
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removed, and also the rate at which the drops pass
from any one size (2 molecules) to the next (z + 1).
surface area of drdp of size z/ , | |
F,Z, = total surface area of all drops of size 2/ .
radius of a drop contaming 2/ molecules,

= probability of condensation of one molecule on

1l cm® in time dt.

probability of evaporation of one molecule from

1 cn® in time dt.

8o/qw = D, /P> definin%by and relating £, to the
pressures as in Becker's work, in Appendix I, Also
corresponds to‘équation 4, |

surface tenslon of the drop.

charge on drop (assumed equal to one electron charge

in thils work).

gas constant (in dynes, if ¢ is in dymes).

molecular weight of vapor concerned.

Avogadro's number. |

density of liquid in drop

dielectric constant of vapor (nearly unity always).
p,/Pe defines the supersaturation, S, for a Vapora at
pressure pp.

maximﬁm possible value of the vapor pressure of a

charged drop, which will be called the critical pres-

'sure, A drop of this size 1s called a critical sized

dron.

radius of a critical sized drop.

160
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nuwiber of molecules in a critical sized drop.

RN

Su = Q,/ba (see equation 3) _
NoPp/ | 2rRTH 1s number of vapor molecules hitting one
cm® of area per sebond, and if the reflectlon of
impinging molscules on a liquid surface is negligible,
we get the equation

(5) 8o = Nopn/l_z—"T—f—{_TTﬂ‘\

Another equation of value relétes the drop ra-

dius r to ths number ofvmolecules in it:

47 N
(6) y=—3-r3/°Mo

The half life of an ion is defined by
(7) | /\=ZTm1nz

By differentiation of equation 1, one obtains

the relations

€,2
3 =
(8) I/“' 4 Do
(9) y
pu 3 Me 1 _g&> W, 3 47Dt /3 c¥3 1
Pu _ 5 Me 1 _o¥ M 5 = 0,0684 (& (2
My-"2 4RT "z T p (10— T )13
| 4r PNs _Safplle
(10) =TT T =30 U

Define the dimensionless measure of radius, r , as
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(11) o, =1/t

»Theﬁ from Thomson's equation, 1,

1
4a,3

(12) in p,/p. = 3%: (1 - ) 1n %u,
Now m and n both correspond to drops in equilibrium with
the vapor at preaéure‘pn, so

(13)

4 1 ‘
in pn/b“ = 3o, (r - ZEE) 1n §“ = 3%; (1 - Z%E) 1n %%*

where
an <1 <ay,

Now define a parameter
(14) qQ=a/a, ,0<Q<1
and then

1 o1 _ 1 _a 9. _ Q3
19 G Uty T g Crag) T gy
From thls equation one obtains
(16) (1 -a -x==(1-q%) =0

q IE% qQ*) =

which has one trivial solutionlat q’= 1l and another for
which
(17) 402 =93+ q® + g + 1 = 4ad q3 y Gy = a.q

which relates o, and ap parametrically in terms of q.



One may now conveniently proceed to determine
J by methods entirely anologous to those of Becker (Appen-
‘dix I of this thesis). One starts with the same type of

equeation for J, the rate at which drops pass from one

size to the next larger.,
(18) J = 8,2} - Qy42 Z i (#5 m)

for whieh family of equations by elimination of all Z!

values between m and s one obtains

1 J 1 1 1
(19) 2y =5 ( ot Tt Y BlBors ;.__.53_1)

;g & T
— — ! o ———
=i > Ri =T R

=m

where Rd 1s defined by
(20) Rj'_ = l/ﬁm.--oﬁi

and R' is defined by equation 19

Then
s 1o1l,.1(3 .2y
(21) = =22 eslns/“{( v 0‘n) 70 eF T
B»  Pn

S0 that _ 1 i

4 ; $ — -

fums > -izmod (2 -3
(22) R =e m On m 9 On

Now note that
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4:rrpN i
(23) 7 = ey > r3 a3 = ua3,

(24) d7 = 3ua® da

(25) i-m =//1(ai - a&)

S0
‘ﬁi 1 f///i 1 ///i 1 3
(26) . e—= - dZ/ = = -.7)/1(0,3 da = _ﬁ( oL - az)
yem ¥ Jm @ m ¢ 21 I
1 1 N i1 1 1
(27) WZ 6-4— = 3.5 . .';uaﬂda = -3/‘( (—q-{ ‘- _a:m?)
=m m

i-m 1-m 1 1
(28) - = (a - QS) — (1 - __.)
_ n 4an4 /u. 2 m’ a, 40,1.—;,1

%/1113/‘{-2- (ag - a;)+-2-( %{ --(];;)
(29) Ry = o :
ag—ag 1
- G,n (l - 4@3)}
Now let
(30) a = an(l + W)
(31) - da = a,dw,
[ (32) a7z = @ﬂaﬁ (1 + w)® ap

and one gets




s-1
> R} =

i=m

(33) R' =

1G5

S s
R/av = S/IOLg/ R'(w) (1 + o)=2dn
m

The parentheses { } of the exponent of equation 29 may now

’ be expanded in powers of w glving:
: 3| 1 i 1
3 [aﬁ(l+w)2'an@l]+z[zg-m-zr;]
1 1 N3
| -O.n (1-40.1‘?1)[0'191 (1 + w) -G'I?l]
(34)

3 s X 1, _ 1 5 -
=% (a2 —a2)+ 7 ( o, " o) T o (1 4ag)(an - a2)
+m[é (2a2)+ 5 ( =2) - == (1 - = )(3aa)]

2 G.n 4 an) - On 4@1.’.'{ n
3 3 +1 1 1
+ mz[g (ef) +7 (g7 ) - (1 -753 )(5ag)]
3 , =1 1 1
+ w3 [4 (gn') ol (1 m)(ag)}
| 5
b =2 (0202 + 0B e e e
} + Ta, (0% = +0 >+ )
| = (ap-ay) (22E8m = 1) - ge. 3 (o -1)
| a'n m 2 aman an n
- »3(a? + 1 ) + ) (04 =S4 eeee)
no 2ap 4oy
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So that R' is given by the integra

4 Antdm =~ 1
Ins, - (ap-a,) ( =& - )
(35) R'=duege S 4 om0 T2 mig
: prnfor SE | o LRI/ ]
/(l+co)2 e n n
n .

This integral cen be approximated readily because
the coefficient %/ulns/“ is conveniently large, about 20 to
60K in numerical velue, The integral will have two 1imit-
ing values depending on the coefficients of w? and ws. If
the expression a2 - 1 is not too small, the »w® term predomi-

netes, and one may make the approximation

3(ag - 1
| s - FMAnSk - -SE'%&;;—) =
(56) (1-}.0))3 e dw
. m
4 3 -1
+02 - 3'/u inS, - ——-—-——-——-(agan ) we
?:’ e dw
4 _1
2plns  (af - 1) 2
= T - Gn = Qy/e

But if af - 1 1s rather small,the w?® term comes into promi-
nence, and in the limiting case of g = 1, notlng that

@, — 0 simultaneously, |
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dw
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3
s - 3/A1n§M~ o * l{E w3
Gn
(37) (l+tw)® e dw
' m
4 a3 + 1/2
o . TFMInS. - n ;ﬁm w3
~ an
= e ao
0]
1

]

) [ ) T

Q1/3

The correct value of the integral term will be denoted by

3(aB-1)w® B+1/2)w®
. _%/xlnsﬁ[ (af-1)0®  (afirl/2)0 +}
2ay, an

(38) Q, = (1+0)2-duee
m

and Qa/a’ Q,,z represent the two approximationé, as given
ebove. Then Q, cen be approximated by plotting Q,, g and
Q,,5» and interpolating a connecting line through the region
where both these terms have sbout the same influence, This
nes been done and is illustrated in Figure 29 .

It is now possible to determine A from equation 7
by substituting for Z, its value Zp /F_> end for %y its value

from equation 19. Then

(39) A= (R' 1n 2)/acF
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The surfeace aree of a drop, F; 1s

(40) Py = 471 = 47 f 12

Now substlitute into equation 39 from equations40, 35, and 5.

A_ Jz‘n'RT Ji . in2

(41) Nop,  Zrpfap = W

2
m

4 On+to 1
FMInS,. (ap=op) ( n2 2 - o )

@ﬂag e

Note the following simple relations used to put equation 41

into a more usable form (obtained from equatlions 2, 6, 7, 17)

(42) /J/I'/f = 477:;',./0 Ny /3M = drp N, € 2/""'/131\/1(4 Do) /3

(43) a3/a® = ap/q®
(44) Pn = (Pn/Pe)Pe = S P

. optagy _ 1 _ 1- am(l+q) _ 9
(45) = -o . ) 0p0m _Eg © Om 2q a2

_ (1-9)3 (1+4gtq®)
- 8apna®




So that

(46) A= (-2—7152)1/2( -

/3 1n2 oy
4D ’

s ° g3

(1=q)3 (1+4a+g®)
8an,a=

4
- -Br-/a( 11'18/.‘ *

or

1/2

(4‘7) loglol log[ 1n2 (2m) (4w

)-1/ 3 1/ 2

oQ[wo

-1/3 -3./3 1/ 2 =1/2 -1 ]

+ log [ D! T N

+ log (ayp/q®) - log 8 + log Qu

-a) 3 2
, (1-9)3(1+4g+q?) adnS. | logio €

One may obtein log S by the use of equation 13

and calculate log A and log S parametrically in terms

of g.

The equatlon for loglok contains several functions

of the perameter q, For convenience these will be denoted

by symbols:

(4%)
Q1) = siﬂ (1 - =)
#9) |

a(2) = log (a,/a°)
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~checked as follows:

(50) Q(3) = (1-q)3 (1+4q+q?)/q2a
1 2 3.3 1 3.03 |
(51) Q(4) =3 log ( 7+ %%ai“ ) =% log %EE%* - 0.098
| _1 4,88+9%/2 y _ 4o 11
(52) Q(s) =3 log ( % %l— ) - log 5{_’3

1 3/2
=.310g5ﬁ£%—/—+ 0.091

In the preceding expression for log h s the
term log Q, 1s obtained by plotting Q(4) + (1/2) log (uinS,.)
and Q(5) + (1/3) log sﬁlns,) and interpolating in the con-
nect;ng region4to obtain an approximation to the true
value of logQ,. This method of approximating the true
value of logQy, 1s accurate enough for the problem et hend.
Another approximation that simplifies calcula-

tion may be made, if one notes that the difference
(53) [Q(4) + (1/2)log(uins.)] - [A(5) + (1/5)Llog(sins.)]
= Q(4) - a(8) + (1/6) log(sns.)

is almost entirely a function of q, Thils fact may be

0"1/3 No - et
(54) (l/6)1og(/ulnS) (1/6)log | ~7 * % | 3578

= (1/18)1loga -(1/6)1ogT + 0.56

et s e e




For practical cases, U lies in the range 15 to 80, for
| which
| (55) (1/18)log ¢ = 0.086 % 0.02

and T lies between about 200° and 373%K,

(56) (1/6)1ogT = 0.41 * 0,02
! so that |
(57) (1/6)log(uins,) = 0.23 £ 0.04

It will be sufficient, therefore, to plot
Q(4). + 0,23 and Q(5). The smooth interpolated curve can
be called Q(6), and then logQ, is given by
-[a(6) + (1/3) log (/ln;._)] with an accuracy of about

T 0.1 unit, Now we may define

! (58)
Q(7) = Q(2) — Q(6) - 3.49

Heving combined the term =(1/3)log(sulnS.) with the other
logerithms expressing physical constants, one obteins

-/ _-5/6

v7 o
~log 8 - log (070" u 1/0”/0 T ")

(59) log A
+ Q(7) + Q(3) - (1/6)logy, © = «1nSs L 0,1

and

60)/1og 8 = Q(1) + logio & * 1nS,

The three functions, Q(1l), Q(3), and Q(7) are

tabluated below in Table IIX., In Teble IV eppear the




i
!

values of physical constants and functions used in the
calculations, and in Table V are the computed values of
log A and log 8. These data appear graphically in
Figures 27 and 2§, '
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Functions of g needed in the computation of 1og1 .

q
1.0
0.98
0.90
0.80
0,70
0.65
0.60
0.55
0.50
0.45
0.40
0.30
0.20
0.10
0

logQ(1)
0
9.9999
9.9976
9,.9893
9.9730
9.9610
9.9458
9.9269
9.9036
9.8751
9.8400
9.7439
9.5918
9.38100

-0

Q(l)
1,0000
0.9998
0.9945
0.9756
0.9397
0,9141
0.8827
0.8452
0.8010
0.7500
0.6919
0.5545
0.3907
0.2042
0.0000

TABLE III

logQ(3)

-0
5.6944
7.8466
8.8257
9,4398

9,6880 .

9.,9132
0.1223
0,3205
0.5123
0.701%7
1.0911

"1.5406

Q(3)
0
0.00005
0.007
0.067
0.275
0.488
0.819
1.325
2.002
3.253
5.032
12,33
34,75

2.1974 187.5

+ o<

+ oo

-Q(7)%o.06

3.64
3.62
3.53
S.41
3.29
5.22
5417
3.07
2.99
2.90
2.81
2,97
2.22
1.62

+OO

1

3
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TABLE IV

Data needed in computation of log A .
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Property iiethanol Water
at 0°C at 0°C
Number [Jog (Number) Number [log (Number)
¢, dynes/cm. | 23.5 1,3711 75.6 1.8785
P, gu/cn.3 0.8101 9,9085 1.0 0
oK 273.2 | 2.4364 273.2 | 2.4364
M, 32 1.5052 18 1.2553
p- atm. 0.0389| 8,5899 0. 00600 7.7790
Ak 49.5 | 1.6950 35.8 1.5289
1ngS. 0.6686 9,8252 1.441 | 0.1586
. ulngs,. 33,15 | 1,5202 48.7 | 1.6875
log;o€*1nS. 9.4630 9.7964
logloe"§-1n§“ 0.3798 0.5471
Y 1.95 | 0.2904 4,22 | 0.6257
AGeneral Daﬁa.
Constant Number log (Number)
%,fj(%) 0.8930 9.9508 — /0
e, (charge) 4,77 x10 ° 0.6785 - 10
No 6.06 x 16°° 23.7828
Conversion atm, 1.0135~‘105 6.0037
to dyn/cm®
R(dynes) 8.316 « 10 7.9199




TABLE V

- Tabulation of Calculated Values of log S and log A.

Methanol at 0°C Water at °C
q logs logA fo.1 logs log A fo.1

1.00 0.2904 1.99-10 0.625 2.52-10
0.98  0.2903 2,01-10 0.625 2,74-10
0.90 0.2888 2.12-10 0.622 2.65-10
0.80 0.2833 2.39-10 0.610 3.00-10
0.70  0.2729 3.03=10 0.588 3.88-10
0.65  0.2655 3.61-10 0.572 4,72-10

| 0.60 0.2563 = 4.,49-10 0.552 5.97=-10

' 0.55 0.2454 - 5.79-10 0.529 7.76=-10
0.50 0.2326 7.72-10 0.501 0.66
0.45 0,2178 0.60 0.469 5.88

; 0.40  0.2009 4,97 | 0.433 11.3
0.30 0.1610  22.8 0.347 37.3

| 0.20 0.1135  76.8 0.245  116.7

: 0.10 0.0593 383.1 0.128 436.

0.00 0 e 0 o0

|
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4, Interpretation of the results of the preceding section,
One mey observe from Figures 27 and 2§ that as the

supersaturation increases it passes through a region where

the half-life of ions,;\ s diminishes rapidly from hours
to small fractlons of a second. BSomewhere in this region
is the minimum supersaturation for which satlsfactory ion-
tracks can be formed. This minimum satisfactory supersatu-
ration will be denoted by S,. Corresponding to it is a
meximum half-life, 7\k’ for which good ion-tracks appear,.

In order to predict theoretically what velue 3,
should have, one must assume a value of 71k' Fortunateiy,
a wide varistion in one's choice of hk affects the value
of 8y scercely at all, so that A, only need be determined
to order of magnitude,

In an expansion cloud chamber, one ordinarily
maintains supersaturation for 1/100 to 1/10 second, so
that 7lk should have a value in this range. In a continuous
cloud chamber, one might expect to see an ion-track with ;{k
as large as one second, without too great a diffusion of
ions away from their initisl positions, As a mean value
;\ k = 0.1 has been chosen, which should be approximately
right for‘either kind of cloud chamber.

In Figure 2L are two curves drawn to show’the
vapor pressure in equilibrium with charged drops of water
and of methanol at'o°C. In addition there are horizontal
" line sections drawn in and marked ‘Ak = 0,)l. These are

drawn at a vertical position such that ﬁhe value of Sk_

11%
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equals the value of p/p,at this level on the graph, One
may now note an analogy to problems in the penetration
of a potential barrier., The curve is the barrier hill;
the horizontal line marks thaﬁ level above which a drop
has a large probability of hurdling the barrier in a

reasonable length of time,

5. Variation of Sk with temperature and surface tension,

ete.
The equation
(61) log S = Qu(1l) log,o © + 1nS.
’ 4:/3 M
= Qe (1) logio e + 0.064 Z =
K A 10 € T P

wlll be sufficlent to determine 8, as a function of the
various physical variables if the veariation of Q1) with
these varlables can but be determined, Here'Qk(l) repre-
sents that value of Q(1) which gives Sy, end it in turn
is determined from q. '

The value q = qp 1s in turn fixed by the functions
Q(3) and Q(7) in the expression

(62 logAy = -logS, -log (01”7 7y fom ,0"T"/6 )
log,, ©
* )+ q(3) - =EEe Lans,

In this expression, one may observe that almost all the

variation with temperature and surface tension is confined



I
|
3
|

‘ (on
- (63) /lln% = T W/-g = 3160

to the expression

1/3 a/3 1/3 1/3
€ NoJ7 oy

So to a good enough epproximation, the variation of q

with temperature may be determined from
(64) Q(3) = 0.0267 T/¢¥3

if the values of the various terms for a typilcal case
(water at 0°C) are substituted., Now for values of g
between 0.8 and zero, dQ(l)/da(3) is less than 0.2, and
in the vicinity of q = 0.5 the value of dQ(1)/aqQ(3) 1is
about 0.05. 8o the veriation in Q(1) with T will be
negligible compared to the direct veriation of T as it
appears in equation for logS,. The veristion of Q1)
with 0" 1s even more negligible because of the low power
with which 1t appears in the equation for Q(3).

It seems likely that for almost all physical
situations, Qk(l) will 1lie between 0,7 and 0,8, For water
and methanol it is nesr 0,75, If thils letter value 1s in-
serted in the equation for logSy, one obtains a generally
appliceble equation which is, of course, only approximete,

4/3 M

-

(65) IngSk = 0.75 IngS = 0.048 T~
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6. A correlation of the theories of condensation upon
ions and of sponteneous condensation.
The supersaturation at which spontaneous conden-

sation appears has been given approximately as

(66) 1ne3@= 0.55 (%—)3/2 (x_g_)

If the supersaturated vapor is to act as a ecloud
chember in which to see ion tracks, it mustAallow rapid con-
densation on lons (8)>Sy) but there must be negligible general
fogging (S<Scr)' There must, therefore,hbe a finite range
of supersaturation between Sy and S,, in which to operate
the cloud chamber, From this necessary condition one may

deduce an inequality, scr)’sk’ and therefore

1nS 16 , «fa
(67) ——Cr 11,6 O 1
g 11.6 /T >

k

The meaning of this last lnequallty is that (within
the limlts of applicability of the equations used in de-
riving it) the temperature must be less than a certain maxi-
mum value T, if'ion-tracks are to be obtainable, PFurther-
more, the farther T is below this limiting value Ty, the
wider the operating reglon should become, and the better the
operation of the cloud chamber., Of course, there are other
importent practical limiting factors to the operation of a
cloud chamber, For example, the vapor density must be high

enough to give a reasonable supply of vapor, but low enqugh



to permit a large admixture of inert gas at the available
operating pressure of the apparatus, T, is given, at least

approximately, by

1/3

mn

(68) T = (11.6 ¢,/ )% = 1350

For weter T, is above 100°C and £ex beyond an experimentally
interesting region. For methyl alcohol T, lies in the
vicinity of 80°C by this rough calculation. In general, the
lower alcohols, esters, ethers, and other organic liquids
have surface tensions in the vicinlty of 20 and, therefore,
values of T, of about 90°C. ‘

The temperature 1imit to eloud chamber operation,
Typs Probably cannot be given a shafply def ined experimeﬁtal
_ihtefpretation., But from the analysis which preceeds it,
one mey infer that the farther below T, & cloud chamber can
be operated, thé wider the operating region becomes, and the
more satisfactory the tracks will be. For the more oné may
raise the supersaturation above Sy without getting fbg

(s the larger the fraction of vapor present which is

cr)’
avallable for track formation.

Another limiting factor for expansion cloud
chember operation however, 1s that the vapor pressure of
the 1liquid (p.) be large enough to give a sufficient supply

of vepor in the first place.
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7. Correlation of the theories of condensation with
experimentel data,

The theory of condensation upon ions has been
worked out too recently to be compared with experiments
directly. However, the analysis in section 6, which pre-
Gicts a narrowing of the useful operating range of an ex-
pansion cloud éhamber with rising temperature, agrees with
the experimental results of Powell."'?’g

The theory of spontaneous condensation has been
extensively checked with cloud chamber measurements. (See
Appendix I, end references 11, 12, 14). In general there
is agreement in the values of S,, by theory and experiment
to ten percent., The form of variatlion of Sep With temper-
ature and surface tension 1s also in generally good sgree-
ment, The most serious deviation was for methyl alcohol,
for which the theoretical S,, was 1,84 when it was actually
3.2. There has never been 2 direct mezsurement correlating
the verietion in J with S, because of experimental diffi-
culties, |

Itkwould nof be surprising if it were found that
the deviations between theory and experiment were}greater
for the condensationkupon ions than for spontaneous conden-
vsation. For in the case of ionized drbpiets the important
sizes are sweller than in the case of uncharged drops. This
makes the use of the normel fixed value of surface tension

even more uncertain for charged than for uncharged drops.
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In additlion there may well be electric dipole layers which
increase 8) for charges of one sign, decrease it for the
other sign.

A new calculstion to be performed i1s suggested
by the electric dipole layer effect just mentiocned., That
is, 1t should be possible to measure the strength of the
dipole layer of a charged drop by the difference in value
of 8, for plus and minux charged drops. Having determined
the‘dipole strength of the surface, a corrected value of
Ser for uncherged drops should be computed taking this
property of the drop into account.

Experiments should be performed comparing theo-
retical and experimentel vealues of 8, for varlcus materiels,
and as a function of temperature and surface tension, These
experiments can be performed with the expansion cloud chamber.
Another experiment can probsbly be done with the continuous
cloud chember to measure A versus 8. For in this apparatus
it 1s possible to keep S constant within a range of value
such thet the ions in a track will diffuse a swmall distance
before condensing. Then by calculations from the measured
rate of diffusion and distance diffused, one can determine
the value of 7[. The mean distance diffused can be meas-
ured by the effective "thickness" of the track, and the rate
of diffusion calculated from data on ion mobilities in
electric fields. Perhaps the continuous cloud chamber would
also permit a direct measurement of the value of the spon-
taneous condensation rate, J, after which J can be‘compared

with S.




8. Application of the analysis of condensation prhenomena
to the continuous cloud chsmber,

There is a greater density of spontaneously formed
drops in a continuous cloud chamber than in an eXpansion
cloud chanber, That this should be so may be understood if
one considers that droplets form at a uniform £g§g for a
given supersaturation, in any fixed volume of large enough
size. In an expansion cloud chamber drops form and collect
only for the short time the chamber is supersaturated, but
in a continuous cloud chamber they collect at the same rate
for a muchllonger time. In fact, they accumulete until an
equilibrium concentration is reached at which as many drops
fall out of the region as are produced in it. This equili-
brium will depend on the rate of formstion of drops, J, =znd
on their rate of fall, which in turn depends on their size.
The rate of fall 1s determined by Stokes' law, the growth
in size by the rate of diffusion of wvapor into the vicinity
of the drop. | |

Then the total concentration, N' of drops in a
given volume of the continuous chamber is the sum of the
equlilibrium concentration of those formed in it and the
number passing through, coming from above,

The next step to be taken to extend the analysis
of the diffusion cloud chamber should be to calculate this
concentration of drops resulting from the spontaneous con-

densation, and to determine how much this condensation de-
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creases the supersaturation below that calculated in
Chapter II,

When the calculations have been mede, the theo-
retical droplet concentration, N'(x) should be compsared
with direct counts of the drop concentration in the chamber.
If the actual drop concentration turns out to be much
greater than that predicted, it will then be advissble to
meke a careful search for molecular aggregates. These
aggregates may be introduced into the vapor in other ways
than the purely kinetic and uncontrollable one described
in Appendix I on the basis of Whiéh these calculations
shall be made.

A summary of all the factors entering into the
complete snalysis of the diffusion cloud chamber 1s given
in Table VI. The factors especially considered in this
section are marked with asterisks. They are the most
important factors which have not been given quantitative

treatment in this thesis.
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TABLE VI

A Classification of the Principal Varisbles Entering
into the Complete Analysis of Diffusion Cloud Chamber

Operation and the Associsted Phenomena.,

Independent Variables

1. % = position within chamber, height above floor,
2. h = total depth of chamber,
3. Horizontel dimensions of chamber,
7'4. Ty, = floor temperature
5. Ty = roof temperature
6. P, = total pressure in chamber
7. ¢3 = flux of vapor
8. Vapor composition
9. Gas composition
10, I = concentration of diffusely distributed ions,
1l. G = concentration of aggregates on which conden-

sation occurs,

The Normal Intensive Properties of llaterials; Dependent

Variables,
l. pi1s = saturation vapor pressure,
. H = enthalpy of vapor,

. G = surface tension of condensed vVapor, or liquid.

. My = molecular weight of vapor,

2

3

4. F> = density of liquid.

5

6. Iliz = molecular welght of liquid.
7

. k= diffusivity of gas into vapor and vice versa.
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6]
=
]

heat conductivity of gas vapor mixture.

©
~
|l

viscoslty of gas vapor mixture.

10. The equation of state for the vapor and gas.

C. The primary dependent variablés to be analysed,

. T (x) = temperature distribution.

1

. P2 (x)

. t

1

2. P, (x) = vapor distribution.
3 gas distribution.

4

energy flux through chamber,

D. The Phenomena to be Predicted and Compared with
Experimental Results. Dependent Variables,

1. 8 (x) = actual supersaturation attained,
‘ 2. Jd = Rate of spontaneous condensation of type
described by Becker,
3. A = helf-life of ions.
4. S,n = suypersaturation for which J = 1.

5. By = gupersaturation for which A= 0.l.

"6, J! = rate of non-ionic condensation, in drops
: per cm®, per sec, due to aggregates G.
|
! "7, W' = drop concentration per cm?,
% . :
8. -Ap, = decrease in vapor pressure at a given part
of chamber resulting from condensation on
drops W',

* The asterisk marks variables whose quentitative estimation
remains to be accomplished.




CHAPTER V - THE USES OF A CONTINUOUS CLOUD CHAMBER.

J.. Cosmic Ray Observaﬁion.

Cosmic ray tfacks inevitsably appear in any cloud
charber continuously sensitive to condensation upon ions,
so that observestions upon cosmic rays will be the most ob-
vious application of this type of apparatus, A particular
advantage of the continuous cloud chamber for such obser-
vations is that it should give a correct statistical weight
to the frequency of occurrence of each type of phenomenon
recorded, The ion-sensitive region is highly impartiel in
its actlion, showing every ion-track that passes through it,
so long as there are not too many in a short time interval,
The electrical methods are not one hundred percent efficient
"eounters", involve systematic errors, and give less de-
tailed informatlon upon individual rays that pass through
them than the cloud chamber,

2. Weak radicactivity.

The oéntinuous cloud chamber will be useful for
the study of very small quantlties of beta ray emitting
materials., It will eliminate the uncertainty of the Geiger-
dller counter method which cannot distinguish cosmic rays
from betea rays. For the clocud chamber allows one to dls-
tinguish whether the track comes directly from the source
in the chamber, or whether it is only a cosmic ray track

in the vicinity of the source,
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3. A comparison of the advanteges of the continuous
cloud chamber with those of other apparatus.

The continuous cloud chamber will share with the
expansion cloud chambér the abllity to give great detail
of information upon an individual lonizing ray. It will
shere with the electrical methods of studying iocnizing
rays the ability to record phénomena at random intervels
of time, It will have the disadventege of requiring great
amounts Qf detailed visual observations and measurements,
when used for quantitative purposes. For qualitative pur-
poses, it should give quick estimations of the nature 6f
very smell radiosctive samples, At a glance one should be
able to observe alpha, beta, and gamma rays, and get esti-

mates of their energiles.

4., Experiments on the kinetics of condensation, and future

‘development of the cloud chamber itself,

In the analysis of the operation of the continuous
cloud chamber it has been necessary to study kinetic phenom-
ena of condensation. It should be pointed out that the cloud
chamber may be used as a2 tool for further researches in

kineticsas well as for nuclear physics research.




APPENDIX TI.

The spontaneous condensation of supersaturated vapor

and related phenomena.

Farkas, Volmer, Becker*and others have developed
a theorj of the condensation of supersaturated vapors based
on kinetlc theory considerations. This theory is of use
in an analysis of the continuous cloud chamber to explain
the continuous formation of drops it exhibits. The theory
willl be presented briefly with some comments upon its
validity:

Conslder a large chamber containing a supersatur-
ated vapor, The vapor pressure is held constant by adding
individual molecules, The droplets of liquid are removed
after reaching a large size containing some large number
~ of molecules, s. These drops are counted as they are re-
moved, and the number counted per cubic centimeter per second
will be called J, the aggregate-creating-velocity., In this
mannef one creates a steady state distribution of droplets
containing various numbers of molecules, and J is a constant
flux of droplets flowing through 2ll sizes from single mole~-
cules to the meximum, s, '

It 1s essumed that a droplet contalning any number
of molecules,? , can be considered as spherical with a

radius r,, a surface area F,. Then

* See references 9-14,
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(1) 7 =4mr3p/3m

(2) F, = 47113 where

P 1is the density of the liquid drop, m the mass of one
molecule, It is further assumed that one ﬁay use the
thermodynamic relation

(3) Az - k¥ T 1In p,/Pew =0 dF,

between the increase in number of molecules dz associated
‘with an area increase df, , where 0 i1s the surface tension
of the drop, py the equilibrium vepor pressure over this
drop, end p. the vapor pressure over a flat surface of
liquid.

The assumptions just made can later be shown to
be sufficiently accurate to allow valid calculations over
a considerable range of conditions experimentally attaln-
able. But before proceeding, one assumption tacitly
assumed by preceding authors should be emphasized. This
assumption is that the droplets are in thermodynamic
equilibrium with the surrounding vapor, as indicated when
equation (3) was used. It may be seen, on inguiring into
the mechanism by which equilibrium is to be maintained,
that in a pure vapor with a large latent heat of condensa-
tion, there is no adequate means of maintaining thermal
“equilibrium, and droplets will be hotter than the surround-
ing vapor.* In spite of this circumstance, tne theory here

presented agrees with the facts for experiments in a Wilson

* See page for further discussion.
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expansion cloud chamber. The way out of the dilemma is
pointed by the fact that in this apparatus the vapor mole-
cules ere mixed with upwards of twenty times as many iherf
gas molecules, which by their collisions maintain thermal
equllibriuwa quite closely. One may well expect the theory
in its present form to break down in the case of expansion
of a pure vapor, such as that of steam in the throat of a
nozzle. Thils latter case will be returned to below.
Proceeding with the present analyéis, from
equations (2) and (3) one may derive the well-lmown express-

ion for the vepor pressure of a small drop.

(4) 1n p, /P~ = 20N/oRT
Let:
(5) Z, = number of droplets containing z/ molecules in

the stationary distrlbution,
'(6) aydt = probability that one molecule will be lost

from 1 cm.® of surface area of a drop of

size 2’ in time dt,
(7) aodt = probability that one molecule will be added

to 1 em.R of surface area of a drop in time dt.
(8) 2y = F,2, = total surface area of drops containing z/

molecules.

(9) B> = &80/qu
Then the stream J becomes
(10) J = aoZ',_, - q,2})

To proceed furtiner let the actual‘pressure of the super-
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saturated vapor be taken as pp, and make the reasonable
assumption (which apparently has not been rigorously

justified) that

(ll) — T — = ‘5’/

From (10) and (11) one may obtain the family of equations

Zi = Zife - JPe/2o
24 = Zzfs - Jpa/20

(12) “ e

Zhea = BlBssa - JBpea/B0

Z4 = Zg-2PBs - IPs/20

Tn this set of equations one can eliminate all intermediate
values of Z! between Z] and Zg. Furthermore, aOZ{ can be
interpreted as double the total number of collisions of
vapor molecules with each other, and Zg is zero because of
the initial condition that drops contalning s molecqles

disappear, Thus one obtains

: 71 = 1 1 R SR 1
(13) 2021 = J (1 + F= © Fabs ¥ +|32E3:5"‘f’,/+ " ﬁeﬁa""ﬁs-l)

From equations (4) and (11),




20 (1 _ 1 1 1 2¢ll
oRT %, rn) _ a(Fy - Fn) where ccz = oRT

, 1
(14) .E‘; = @&

The n in equation (14) and the following analysis repre-
sents that value of 2/, the number of molscules in a drop,
for which the vapor pressure of the drop equals the vapor
plressur{e Pn existing in the vapor. Such a drop is in un-
stable equiiibrium withn the vapor, and is usually called
the critical sized droplet. It has equal probability of

growing larger or smaller,

Iet |
(15 R! = i
) Y Befer R
" and : ZS_
(18) R' = 1=1R5_

so that equation (13) becomes
s
(17) s02{ = JR' = J = R!

From (14) and (15),

(18) Ry =e i n
1
o= L . i-1,
= e =2 ry n
Let
- 1/3
(19) X, = I-,,/J:'n = (Z/n) or approximately
Z/ = nx3, d» = 3nx2dx
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and

, 3 it 2
(19a) A' = an/2rp = Fp/3kT = 3 (ET? &oln pn7pw)

Make the approximation

(20) % EI%Q//F ///ﬂ xdx = “n (xg - xg)

Also »
(21) i-1=n (xg - xg)
Then [
(3 x 42 =2 x 43) = (3 x .2 =2 x ,9)
(22) R = e 1 1 2 -2 x3°%]

lMake another approximation,
3 Xg
~ ~Av(3x, 3-2x; ®) AY(3x2-2x3
(23) R!' = R,dV = 3ne > * e ( )Xde.
1 X3

In the accompanying figure, Figure 3l., taken from

Becker's work, it is shown that the integrand

. AY(3x® - 2x3)

possesses a steep maximum near X = 1l in at least some cases

such as the one he has chosen, Then let x =1 +E and

' /S XK=l
S
+A'(l-5x 2-2x 5‘) -[;1(5524_2 ,3)
(24) R!' = 3ne * + g e g (1_,_5)2 d%
Al
4 ane E e
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From equations 24 and 17

80Zy [ Al oA
n 3

(25) Jd =

From (25), by substituting the values of all

terms, one may obtain the useable form:

L

(258) 1n J 1n[rr“"/2 g =/ 2 gy N, 2]+ 1n[u~3/% Lo'ipmzloa"s/zj

16 N M .,2, ¢ ,% 1
=0 T No ( S ) ( % ) ==

+ 2 1n X 2X -
v X 3R ' [

|

(25b) 1n J = 49 + 1n M ~3/2 L, *p..®pq 3/

r2inx+2x -17.7 (S)° (E)=2
T P X
In these equations

In S=1n pn/pao

X =
Lo = mean free path of vapor at 0°C, 1 atm,
No =

Avogadro's number

and other terms have meanings already defined.

In Figure 3 taken from Becker's work, 1t is shown
graphically how fast J increases with the supersaturation.
" In an expansion cloud chamber, this can be interpreted to
mean that as the expansion ratio is inereased, and the super-
saturation is correspondingly increased, very suddenly such
an expension will be attained that an appreciable number of
drops will be produced in the chamber in a time of the order
of 1/100 second, and beyond this expansion the cloud will
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rapldly become denser, There is of course some uncertainty

in correlating a value of J with what one decides visually

to call the "eriticel" expansion for which visible rain is

‘produced, waever, changing the chosen J from 1 to 1000

does not seriously affect the correlation of computed and
experimental "critical" expansions and‘éupersaturations.

Having chosen the "eritical®™ J as In J = 1,

(26) Xer = 1ngSepn

(T M 17.7 ‘ 1/2
=3 " ) B+ m 22E_. 21n X .+ 2xcr)

M Y Lo g

Over a considerable range of variation of the physi-

cal conditions, one may use the more approximate relation

derived from (26)
3/ 2
(2628)  Xop = lngSep €k () / (%)

where k generally stays within the range of 0.63 to 0,45,
Formula (26a) will allow a rapid estimation of Xop from which
with (26) a more accurate value can be’found.

The results are notably insensitive to error in

- collision frequency, aOZ{ (i.e., to free path IL,) because of

the way this variable enters into the equation. The only
dubious quentity of great importance is the surface tension,

0. Fortunately, if the critical sized droplet is large

enough so that the normal value of o for a flat surface applies,

any chenge in ¢ at smaller sizes is rather unimportent, because




1329

: most of fhe value of the integral for R! comes ffom drop-
| ‘lets near to the criticél size.

One may derive from equations 20 to 26a a form
of relation between J and S which shows clearly how fast
J increases as S increases beyond S,,. Let J,. be an ar-
bitrary velue of J chosen as the criticel value. Then sub-
stituting Jep for J and Xgp = 1nS,,. for X in equation 25a,

and subtracting this new equation from 25a,

L C(27)  1n 3/Jep = 2 1In X/Xop + 2(X~Xgp)

1 _
R BN (3 (3

Now X and X,, have nearly the same values, so approximately

N ~ X=X ‘
(272) 1n /oy = 2"72“22 + 2 (X=Xop)
| ; er .
+ 1670 (1192 (g_)“ (2Xopn) (X-Xop)
R® e P X _¢ :
cr

1
=2 (X-Xcr)gil * Xom (X + 49 + 2 1In X, + 2K = 1In Jgp

P? P
+ hagp:a;zz};

o 1 o
(270) 1In (/) = 2{%-+xcr (50 + 1ln ﬁ??fiﬁZi} 1n (8/8,,)

X ... usually lies in the range of 0.5 to 2.0, and

cr

B '
1n E%ngﬁﬁz is considerably less than 50. So the coefficient
~o

i
i
;




i
!
|

of 1In S/8,, lies between 50 and 250 for most conditions,
or the exponent E in

(28) (3/3.0) = (8/5,.)%  (s0<E<250)

lies between 50 and 250, This exponent is in every case

a very large number,

i

-

0



Some forms of cloud chambers used by C. T. R.
Wilson previous‘to 1900. Lower two diagrams: chambers
used to study effects of ions from xerays. Upper dia-
grams: earlier apparatus. Left, a very simple type for
use with water. Right, a type in which any of several

vapors and liquids may be used, and at various pressures.
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Hote that the page numbering of these corrections mey be in error by &5 much as two

Corrections and Changes in Thesis
Alexender Langsdorfl, Jr.
Me I. Tu, 1937

Appended February 4, 1938

pages because of different page numbering in different copissz of the thesis. The
context is sufficient to locats where the correction should be.

Page

8

44

32
38

486
46
74

84
96

97

o7

Facing page 9, 3rd lins from bottom. After "See” put "Proe. Camh. Fhil,
oc. 21, 408 l1022).

Figure 2. Top photograph from PRS, 874, 292 (1912); Center photograph from
PRS, 1044, 212 11923 ; Bottom left from PRS, B7A, 2902 (1912}; Bottom senter
and right, Proc. Camb. Phil. Soc. 21, 408 (187Z7.

Fifth line from bottom put Tp in place of Toe
Line 18, first word. "of" in place of "for®

Line 22, end of scction 2. Put "that this factor may aafelj be neglected"
in place of "....that this factor is safely to be neglected."”

Line 10. Put "from" in place of "for" so that heading reads "Deviations
of the properties of the vapor from those of a perfect gas.”

Line 14. Scratch the word "heat" in the expression "the total ensrgy flux
is always greater than the comveetive heat flux."

Line 5. The expression should be 2 e¥ 3 x 1076 gm,/bmz/%ec. The exponent
six mey have been omitted.

Line 8. PFirst word should be "concentration" instead of "pressure”.
b

. i}
Line 9. Put a comma betwsen "laws" and "so".

Phird line from bottom. Secratch last woard in line, "when".

Line 9. The expression should be "when methancl (h.w; 32) diffused into

nitrogen (m.m.as ". The 32 was erroneously typed 44.

" in place

ILine 13. Put nroduc a2
is i

large
of "produce a large, bl s

drop, thet is, cue of vigible size
zed drop".

Line 3. Put "a drop of stable zize" in place of "e stoble sized drop’.

Pirst sentence of lact paragrah of Section 2. Put "The fluctuations in
size of drope upon whizh their growth is counditioned ere computed guanti-
tatively..." in place of "The fluctustious in size of drops which lesd to
their growth are computed quan+iﬁt1vcly...“"

Line 1C. The symbol being defined is "B,* vapor pressure over a flsai
surface of liquid at the prevailing tempsrature.” (It x may have besn
wrongly written P,.

Equation 18. The "q" zheuld have subseript "p4 1" which may have been
emitted.




Corrections and Changes in Thesis
A. Langsdorf =~ page Z.

141

146

147

Line 3. DPut "So to & sufficients....” in place of "Sc to a good enoughe..."”
174

Equaticn 65 should read " lne SK = 0-'75']n, S/-u. =

Fext to bottom line. Replace asterisk by 28, and serateh reference ol
bottor of page.

Line 8, Scfatch ssntence "This case will be returned to below.”
Eqﬁation 4. Insert r,, sc thet the equation reads

Inpw/pe = ROM/ERT 2w
Figure 32, Tcp left photogruph, Fhil. Trans. Roy. Soc. Londen, 1884, 268
(1897). Top right, ditto, 1894, 276 (1857); Bottem left, ditto, 1984, 257
(1900); Bottom left, ditto, 1584, 251 (1900). -

Reference 64 is errcneous. Secratch.

Reference €7 is erroncouc. Scratch.

Note also: Appendix II end the Index have noﬁ yet been sppended. Also Fipgures 11,
15, 25 and 30 dc not exist. '
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CORRECTIONS AND NOTES FOR THESIS
ON THE CONTINUOUSLY SENSITIVE CLOUD CHAMBER
July 28, 1938

Alexander Langsdorf, Jr.

Note that the page numbering in various copies of the thesis may differ by
one or twoc pages from that given below. The context will show where to apply

the correction indicated.

Page 95, Figure 29. The interpolation shown in this figure is wrong. See

below under page 106.

© Page 101, Equation 15 should be:

. 1 - 3 - 1 - B - l -

Page 104, equation 34, The simplification carried through here was facili-
tated by the substitution:

A1-210 (-4 =2 -L9a% - a--Lyg% ete
Ay 43 O ot On 493 * 0On 4af "

Page 104, equation 34, continued. Note also that

3 4 5 3 w4
——n - + sse s =
To (& T ) = fo] T+

Page 106, equation 38. | The brackets should be (o ﬁ - 1) and (O(:f1 +3).
The square powers given were erroneous.
The determination of Q,, as described just after equation 38
is not satisfactory. Values of Q ., have been found by numerical

integration, as follows:




Page 2

/ulnS/.. a Quw
33.13 0.7  0.27
! 0.8 0.3

" 1.0 0.30
48.7 0.7  0.22
" 0.8 0.7

" 1.0 0.25

The following approximation is probably satisfactory:

. For Q;g(q) < Qu (a=1) =¢, a constant,
use Q. = %(Q)

For Q}(Q) > €, (i.e., approximately from q = 0.7 to q = 1.0)

use Q. =C, a constant.

Page 107, equation 45. This should bes

(1 +q) _

o) (Gatqm_ _1 y_,l-g On
(0= ay) (2ot ) = A a g (
_0=9° (49463 o)

Bquz 8

2q

qg)
Op






