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THE recording of ionizing particles by means of
droplets condensing on ions is one of the fundamen-
tal procedures of experimental nuclear physics.
The method is based on the fact that the growth of
droplets to visible dimensions on charged centers
occurs at smaller supersaturation than in the case
of neutral particles. In the familiar Wilson cloud
chamber the adiabatic expansion of a mixture of
gas and vapor is employed to achieve the super-
saturation required for the condensation of droplets
on ions,

A number of shortcomings limit the possibilities
of the Wilson cloud chamber method, the principal
one being the long period of insensitivity after ex-
pansion, the complicated construction, and the
susceptibility to contamination by uncharged con-
densation centers. The last of these factors
greatly complicates the adjustment and operation
of an expansion chamber. The long recovery time
after expansion makes it difficult to use Wilson
chambers in conjunction with particle accelerators.

The need for an instrument free of the intrinsic
shortcomings of the conventional cloud chamber
has led to a search for methods of achieving
supersaturation other than by adiabatic expansion,
A number of attempts to construct a continuously
sensitive chamber have been reported. Reference
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1 describes a chamber in which supersaturation
results from the interdiffusion of water vapor and
hydrochloric acid. This chamber did not yield
satisfactory results. Reference 2 describes the
so-called diffusion cloud chamber in which super-
saturation is achieved by the diffusion of vapor
through a condensing gas from a heated horizontal
surface to a cooled surface.

The first satisfactory photographs of particle
tracks in a diffusion cloud chamber were obtained
in 1951 and 1952, Since then an increasing number
of papers have appeared on work done by means of
diffusion chambers as well as on investigations of
the physical processes that occur in such cham-
bers. The increased interest in diffusion chambers
results not only from the fact that they are largely
free of the shortcomings of existing Wilson cloud
chambers, but also because some of the properties
of diffusion chambers permit a considerably
broadened use for this method of particle regis-
tration.

1. PHYSICAL PROCESSES IN DIFFUSION CLOUD
CHAMBERS

A diffusion cloud chamber is a closed vessel
filled with a mixture of vapor and gas (Fig. 1).
Vapor sources are located close to the upper and
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FIG. 1. Diffusion chamber: 1) Bottom; 2) Walls; 3) Cover;
4) Working liquid.

lower surfaces. When the temperature T; of the
cover is unequal to the temperature Ty of the
bottom the following processes occur within the
chamber:

1) Non-isothermal vapor diffusion through the
gas from the hot to the cold surface.

2) Heat transport through the gas and vapor
mixture.

3) The formation and diffusion of neutral and
charged condensation nuclei.

4) Vapor condensation and droplet growth on
neutral and charged nuclei.

5) Droplet motion in the gravitational field.

6) Convection (in some cases).

Amelin® has suggested that the temperature and
partial-pressure fields in the chamber can be
represented by one-dimensional equations of
isothermal diffusion and thermal conduction, neg-
lecting other processes. With these assumptions
the temperaturemand partial pressure distributions
are linear,

A better approximation was obtained by
Langsdorf,* who took into account the tempera-
ture dependence of diffusion and thermal conduc-
tivity. Figures 2 and 3 show the temperature dis-
tribution and partial-pressure curves for two dif-
ferent vapor fluxes, assuming no condensation.
Greater vapor flux increases both the nonlinearity
of the temperature distribution and the partial
pressure in the chamber. Figure 4 shows the cor-
responding supersaturation curves. The dot-dash
curves represent the supersaturation S; at which
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FIG, 2. Calculated temperature distributions in the volume

of a chamber filled with CO, and CH,0H, without condensation.

Curve 1) Vapor flux 6.86 x 10°® g/cm? sec; Curve 2) Vapor
flux 2.56 x 1076 g/cm? sec,

droplets begin to grow on ions, and the supersatur-
ation 8,, at which a large number of droplets are
formed on uncharged nuclei.

The figure shows that supersaturation near the
bottom of the chamber exceeds S; and S,. The
boundary of the sensitive layer is determined by
the intersection of curves Sx and S; (points A
and B on Curve 2), With greater vapor flux the
partial pressure, and accordingly the supersatura-
tion, increases (Curve 1). It is evident that as a
result of condensation on charged and uncharged
nuclei the true supersaturation in a diffusion
chamber will be considerably smaller than is
shown in Fig. 4.

a) Effect of Condensation

Condensation within the chamber results in re-
duced partial pressure. Moreover, the release of
a large amount of heat through condensation can
produce a significant change in the temperature
distribution.

Succi and Tagliaferri® have developed Langs-
dorf’s theory, using successive approximations to
determine the effect of condensation on the tem-
perature distribution and supersaturation distribu-
tion. Figure 5 shows the temperature distribution
curves for different condensation conditions., The
temperature distribution is seen to change with
increasing number of condensation nuclei, the
temperature rising at all distances from the
bottom. The temperature increases by 15 to 20°C
when the ion load is large. Argan et al have
further developed Langsdorf’s theory, but their
results do not differ qualitatively from those of
earlier investigators.

References 7, 8, and 9 describe experimental
studies of the effect of condensation on the tem-
perature distribution. The temperature distri-
butions were compared in an operating chamber
and in the same chamber without condensation
(the vapor source being absent). A chamber con-
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FIG. 3. Calculated partial pressure distributions, under the
same conditions as for Fig. 2,
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FIG. 4. Supersaturation distribution in the chamber. Curve
S,) limit of fog formation; Curve S,) limit of condensation on
ions; A and B) upper and lower boundaries of the sensitive layer.

taining rigidly fastened thermocouples was filled
with air and other gases; the total pressure, vapor
flux, and number of charged condensation nuclei
could be varied within broad limits. It was es-
tablished that when the product of the Grashof
number (Gr) and Prandtl number (Pr) is at least
10° condensation has a negligibly small effect on
the temperature distribution. When Gr Pr <« 108
the effect of condensation on temperature distribu-
tion becomes appreciable. Figure 6 shows that
when condensation occurs in a low-pressure
chamber the temperature can change by as much
as 20°C,

The foregoing results make it convenient to
divide diffusion chambers into two types, those in
which condensation has practically no effect on
the temperature distribution and those in which the
effect is great. The first type includes all high-
pressure chambers, i.e., the great majority of
those in use at the present time, Chambers with
very low gas pressure are the second type. In the
first type convective heat exchange with the walls
plays the dominant part in the establishment of the
temperature distribution. In the second type (here-
inafter called low-pressure chambers) convective
heat exchange with the walls plays a minor part.
Langsdorf’s theory* and similar theories,? ¢ which
neglect convection, are not applicable to the
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FIG. 5. Effect of condensation on temperature distribution.
Curve 1) temperature distribution in the absence of condensa-
tion. Curves 2, 3, 4) temperature distribution when the number
of ions passing through 1 cm? of cross section per second is
20, 60, and 180, respectively.
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FIG. 6. Effect of condensation on temperature distribution.

ordinary diffusion chamber but can evidently be
employed in analyzing processes within low-pres-
sure chambers,

Our further discussion will concern ordinary
diffusion chambers. Certain characteristics of

Jlow-pressure chambers will be considered sepa-

rately.

b) Temperature Distribution and Partial Pressure
Distribution

There have been several investigations of the
temperature distribution in diffusion cham-
bers®s8 %10 In references 7 and 8 it was definitely
shown that the temperature distribution in the
space of a chamber practically coincides with the
temperature distribution on the walls and can thus
be regulated within broad limits. Figure 7 shows
the temperature distribution curves within a cham-
ber filled with air and ethyl alcohol vapor with a
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FIG. 7. Temperature distribution along walls (dashed Curves
1 and 3) and in chamber volume (Curves 2 and 4). Curves 1 and
2 were obtained in a chamber with glass walls at room tem-
perature externally; Curves 3 and 4 were obtained in the same
chamber with cooled walls,
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FIG. 8. Horizontal temperature distribution in a chamber

that is in contact with air at room temperature,

total pressure equal to one atmosphere, Curves 1
and 2 were obtained with the outside walls of the
chamber at room temperature. The temperature
distribution within the chamber is seen to differ
very little from that on the walls, the wall temper-
ature at each horizontal cross section being a little
higher than the temperature at the center. The
temperature distribution changes sharply with out-
side cooling of the walls (Curves 3 and 4). In this
case the wall temperature in each horizontal cross
section is a little below that at the center. Figures
8 and 9 show the horizontal temperature distribu-
tion in a chamber surrounded by air at room tem-
perature and by cold air, respectively.

When the walls are heated to room temperature
externally, the gas within the chamber moves up-
wards. When the walls are cooled externally the
direction of gas flow is reversed. There must evi-
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FIG. 9. Horizontal temperature distribution in a chamber
with cooled walls.
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FIG. 10. Vertical section of a fog region formed after ex-
pansion,

dently be an intermediate state when the tempera-
ture distribution on the walls coincides with the
temperature distribution in the gas so that convec-
tion stops. However, it is easily seen that this will
not be a stable state. A change in the number of
condensation nuclei within the chamber, such as
following the passage of an ionizing particle, will
immediately result in the liberation of heat fol-
lowed by convection. Therefore convection occurs
as a rule in any real chamber.

With any change of the wall-temperature distri-
bution or with a change of the condensation con-
ditions in the chamber the speed and in some in-
stances the direction of convection currents will
be changed. The experimental investigation de-
scribed in reference 8 showed that convection
within the chamber is axially symmetrical and
does not lead to inhomogeneous supersaturation in
the sensitive zone when the gas moves upward
along the walls. The speed of the gas moving in
the working volume of the chamber is comparable
with the speed of falling droplet. Therefore gas
motion does not appreciably distort particle tracks
during the time required for their recording. Thus
the temperature distribution within the chamber
can be regulated without disturbing its operation.

Convective gas motion within the chamber has
an important effect on the partial pressure distri-
bution. The partial-pressure field within an
operating chamber has been investigated in two
ways, through the absorption of ultraviolet radia-
tion by a gas-and-vapor mixture!! and by the ex-
pansion method.!? In the first method the optical
density of the gas-and-vapor mixture is measured
at different heights in the chamber. In the second
method the degree of expansion is determined at
which a fog is formed in a given region of the
chamber, in which case supersaturation exceeds
S,. The upper boundary of the fog is usually nearly
parallel to the bottom of the chamber. Figure 10
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FIG. 11. Partial pressure distribution in a chamber with
nonlinear temperature distribution.

shows a vertical section of a fog region formed
after expansion, There is lower supersaturation in
the region near the walls. The construction of the
vapor source has some effect on the partial pres-
sure distribution in the upper part of the chamber.
From the distance h; between the upper boundary
of the fog and the chamber bottom, the tempera-
ture T, after expansion, and the supersaturation
S, for a given gas and vapor mixture we can de-
termine the partial pressure Pp, at this boundary:

Py, =83 Bat(Tn))-

The partial pressure throughout the chamber can
thus be determined by varying the degree of expan-
sion.

Figure 11 shows a typical partial pressure dis-
tribution in a chamber with nonlinear temperature
distribution. Above the condensation zone the
partial pressure varies very little with height be-
cause of the strong mixing of gas and vapor.

When the temperature distribution is changed
without changing the directions of convection cur-
rents the character of the partial pressure is not
affected and the partial pressure above the conden-
sation zone also remains unchanged. However,
variation of the temperature distribution is ac-
companied by a variation of supersaturation in
accordance with the change of saturated vapor
pressure. This in turn affects the size of the
condensation zone. For example, when the tem-
perature distribution is varied as shown in Fig.
12, the height of the sensitive layer changes from
1.8 cm (Curve 1) to 5.5 cm (Curve 3).

It must be mentioned that a self-regulating
supersaturation mechanism permits a diffusion
chamber to operate in a very broad range of tem-
perature distributions, When the temperature dis-
tribution is such that supersaturation within the
chamber at any given moment is considerably
above S, (as in Curve 1 of Fig. 4), spontaneous
condensation of vapor on uncharged nuclei begins

in the sensitive zone, Supersaturation decreases,
reducing the number of active condensation nuclei
and reducing the rate of droplet growth. The re-
duced consumption of vapor increases the super-
saturation. As a result of this mechanism super-
saturation in the sensitive zone cannot be ap-
preciably above or below Sy for a long time.
Variation of the temperature distribution thus
basically affects the magnitude of the droplet
background.

In some cases the self-regulating process has
a pronounced pulsating character. There are
periodic variations of fog background density in
the sensitive zone. This effect can be consider-
ably reduced or entirely eliminated by a suitable
change of the temperature distribution.

The operation of the chamber can also be
regulated by varying the size of the vapor source
through increase of the source surface or its
temperature., (The vapor flux can be determined,
for example, by measuring the quantity of liquid
evaporated in a given time interval,) With in-
creasing flow the partial vapor pressure must in-
crease at each height. In the sensitive zone
supersaturation cannot appreciably exceed S,.
Therefore the excess vapor is converted into the
ligquid phase. Thus increased vapor flow results
in growth of the droplet background and has little
influence on the degree of supersaturation in the
sensitive zone,

Variation of the temperature distribution and
vapor flow also affects the basic operating char-
acteristics of the chamber—the maximum ion load
with which the chamber can function continuously
and the recovery time after a radiation pulse.

2. ION LOAD AND RECOVERY TIME

Unlike the conventional cloud chamber, the dif-
fusion chamber is continuously sensitive. When
the number of ions generated per second in one
em? of the chamber (ion load) does not exceed a
certain limit the chamber can record all events
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accompanied by ionization of the gas in its volume.
A count of the particle tracks in a given time in-
terval can thus be used to determine weak radio-
activity in materials. Each track falls to the bot-
tom in a few seconds, depending on the point of
formation and droplet size.

Because of the continuous sensitivity and long
persistence of the tracks, photographs obtained
with diffusion chambers always show a certain
number of background tracks. Background tracks
impede analysis of the photographs and also reduce
supersaturation, which for large ion loads can fall
below Sy. The chamber must therefore be shielded
from external radiation and the working mixture in
the chamber must not be radioactive,

With small temperature gradients in the sensi-
tive zone the chamber ceases to function at a
radiation intensity comparable with the natural
background. Figure 12 shows that a reduced tem-
perature gradient is associated with increased
height h of the sensitive zone. With an increase of
h the number of condensation nuclei in the lower
part of the chamber increases, owing to droplets
falling from above. Near the bottom supersatura-
tion decreases, resulting in the formation of an
insensitive zone. Therefore the thickness of the
sensitive zone in a diffusion chamber does
not usually exceed 6 or 7 cm. With increasing
thickness of the sensitive zone and increasing
temperature gradient, the ion-load limit is raised.

Vapor flow also has an appreciable affect on the
permissible ion load. Thus in a chamber filled
with air and ethyl-alcohol vapor at atmospheric
pressure, an increase of vapor flow by a factor of
6 increases the ion-load limit by a factor of 3.
With a higher ion load the amount of vapor con-
densing on uncharged nuclei is reduced, thus re-
ducing the droplet background. It is evident that
the total amount of liquid condensing per unit time
within the chamber remains practically constant.

Under certain operating conditions the diffusion
chamber can record continuously radiation with a
background that exceeds the cosmic radiation
background by a factor of hundreds.!® Under such
conditions an important role is played by convec-
tion currents that transport the gas and vapor
mixture from the heated top to the cold bottom.

After the passage of a charged particle through
the sensitive zone, the latter contains a region with
supersaturation below S, in the shape of a cylinder
whose diameter depends on the ionizing power of
the particle and the quantity of vapor at the given
height, The recovery time of supersaturation after
passage of a single particle is a few seconds. When
many particles are involved, some of them tra-
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verse regions in which supersaturation had not re-
ceived; they thus produce discontinuous tracks.
When a beam consisting of very many particles
passes through the sensitive zone, supersaturation
can fall considerably below S, with the recovery
time rising to 10 or 15 sec. A larger number of
ions produced simultaneously in the sensitive zone
is accompanied by a reduction of supersaturation
and a longer recovery time. The recovery time al-
so increases with the thickness of the sensitive
zone. The recovery time can be shortened by in-
creasing vapor flow, !4

When the entire volume of a chamber is ir-
radiated, condensation nuclei appear above as well
as within the sensitive zone. By moving about in
the chamber as far as the upper boundary of the
sensitive zone, these nuclei form a more or less
uniform droplet background. When the ion con-
centration is large, supersaturation in the sensi-
tive zone can fall below S;. The recovery time
after cessation of irradiation depends on the nature
of the vapor. This apparently indicates that the
condensation nuclei are not ions but charged drop-
lets diffusing into the sensitive zone from the
region above.

Charged condensation nuclei can be swept from
the space above the sensitive zone by an electric
field applied between the cover serving as one
electrode and a second electrode close to the upper
boundary of the sensitive zone,

The chamber is cleared of uncharged conden-
sation nuclei by migration of these nuclei into the
sensitive zone, after which the drops that are
formed fall to the bottom. When the number of
nuclei is very large the rate of sweeping is limited
by the vapor flux. When the number is small and
the rate at which vapor is consumed in condensa-
tion is less than the vapor flux, the recovery time
is determined by the migration rate of nuclei into
the sensitive zone. Therefore recovery time de-
pends strongly on the character of gaseous motion
in the chamber and on its design. A simple cham-
ber with a strongly nonlinear temperature dis-
tribution possesses a recovery time of the order
of two minutes when filled with unpurified outside
air, When the temperature distribution curve is
rectified, convection velocity is reduced and the
recovery time increases, reaching 20 or more
minutes in some instances,

It is important to note that when a chamber con-
tains no constant source of condensation nuclei it
is more or less rapidly self-clearing. This ability
clearly distinguishes the operation of a diffusion
chamber and is one of its principal advantages over
a conventional cloud chamber.
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3. DIRECTION OF DIFFUSION

In a diffusion chamber the density varies with
height and is a function of temperature and of the
relative amounts of gas and vapor. When the mole-
cular weight of the gas is smaller than that of the
vapor this can result in a mixture whose density
decreases in the downward direction, resulting in
a singular type of convection. A system of vertical
convection currents is established between the top
and bottom. This occurs principally in low-pres-
sure chambers, where the partial vapor pressure
is commensurate with the total pressure,

Convection can be obviated by reversing the di-
rection of diffusion. Chambers with a hot bottom
and cold top (upward diffusion) have been described
in references 15, 16, and 17, Investigations of the
operation of these chambers are described in
references 8 and 18.

At high gas pressures, when the vapor pressure
is negligibly small compared with the total pres-
sure, the variation of the relative composition of
the mixture is small and the relation between
density and height depends mainly on the tempera-
ture factor. Increase of the gas pressure or re-
duction of the partial vapor pressure aids stabili-
zation of the gas in a downward-diffusion chamber.
The same effect is achieved by using a gas of
greater molecular weight or a vapor of smaller
molecular weight. Chambers filled with hydrogen
or helium are found to operate in a stable manner
only when the total pressure of the mixture exceeds
a few atmospheres!® (the vapor source temperature
being +10°C or +15°C). When the temperature of
the top plate is reduced the partial vapor pressure
is sharply lowered; this permits operation with
light gases below atmospheric pressure.?’ In this
last case the bottom temperature must be lowered
in order to maintain the required temperature dis-
tribution of the chamber.

4, SIMILAR CHAMBERS

In high-pressure chambers, which are most
widely used, the temperature distribution can be
regulated over a wide range, as already mentioned,
thus regulating the degree of supersaturation. Re-
sults obtained with any one chamber can be applied
to another chamber of similar type. For calibra-
tion, a chamber is usually filled with air at atmos-
pheric pressure and the optimum temperature dis-
tribution is established experimentally. This then
gives optimum conditions for other gases and
pressures (if Gr Pr > 108 in all cases). For
chambers with the same temperature distribution
the ion-load limit and recovery time will depend

on the nature of the gas, the pressure, and vapor
flux.

Shutt has established that the ion load and pres-
sure are related to the gas parameters by the fol-
lowing equation:?!

L i
B=yp,D, $p® (nyaZp)?,

where B is a constant for a given temperature dis-
tribution, p, is the kinematic viscosity at 273°C and
normal pressure, Dy is the diffusion coefficient of
the vapor in the gas at normal pressure and 273°C,
ny is the number of ions generated in one cm? of
air per second under one atmosphere of pressure,
a is the number of atoms per gas molecule, and Z
is the atomic number of the gas.

Shutt’s theory does not take neutral condensa-
tion nuclei into account, By making a suitable cor-
rection Bevan obtained a formula which takes both
neutral and charged condensation nuclei into ac-
count.?

1t 4
Bo=poD,*p?[n,aZp -+ 14.5¢0- 11643,

where t is the highest temperature within the
chamber in degrees centigrade (usually the tem-
perature of the vapor source).

Experimental tests of the foregoing relations
have been described in references 8, 9, and 14.

It was found that when one gas is replaced by
another and the pressure is varied the relation
between pg, Dy, a, Z, the maximum ion load, and
the pressure is well described by Shutt’s equation.

Shutt’s theory does not allow for the effect of
vapor flow on the operation of the chamber; in
references 8 and 14 this effect was shown to be
significant. The variation of vapor flux (by in-
creasing the surface of the vapor source) can
multiply the ion load limit several times and
greatly reduce the recovery time.

Bevan’s equation does not allow for the fact that
the flow of vapor is enhanced when the vapor-
source temperature is increased at the same time
as the number of neutral nuclei is increased.
Therefore Bevan’s equation has not heen confirmed
experimentally. For example, with an increase of
source temperature the ion-load limit in a number
of instances increases? instead of decreasing as
would follow from Bevan’s equation.

According to Shutt?! a minimum temperature
gradient exists for operation of the chamber under
given conditions. Bevan experimentally deter-
mined the relation between the minimum tempera-
ture gradient G in the sensitive zone and the
parameter B2 However, his results appear to
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have limited application since B depends not only
on the temperature gradient in the sensitive zone
but also on the temperature distribution within the
entire chamber volume. For chambers of different
design with the same temperature gradient in the
sensitive zone, the temperature distribution within
the chamber volume can differ appreciably. This
evidently accounts for the fact that measurements
performed on chambers of different design give a
relation between G and B which differs from that
of Bevan.?

5. LOW-PRESSURE CHAMBERS

Low-pressure chambers are described in refer-
ences 20 and 23. The temperature distribution in
in the gas of a low-pressure chamber exhibits very
little dependence on the temperature distribution
along the walls? and thus cannot be regulated as in
high-pressure chambers. When pressure is re-
duced the temperature in the lower part of an
operating chamber can either increase or decrease,
depending on the character of the temperature dis-
tribution at the higher pressure. Pressure reduc-
tion in a chamber with a steep non-linear tempera-
ture distribution (and thus with a thin sensitive
layer) reduces the temperature in the volume, On
the other hand, in a chamber with a nearly linear
temperature distribution pressure reduction raises
the temperature in the condensation zone. In both
cases at reduced gas pressure the sensitive zone
is observed to be of lesser height. This effect is
evidently associated with reduced partial pres-
sure in the chamber volume?

In chambers with a thick sensitive zone (> 5 cm)
reduction of the zone at lowered pressure results
to a considerable extent from a higher temperature
of the chamber volume. It is shown in reference 23
that at lower pressure the thickness of the sensi-
tive zone is reduced from 100 mm at atmospheric
pressure to 20 mm at 30 mm Hg.

At pressures below 30 mm Hg periodic fluctua-
tions of the background density occur.? The sen-
sitive zone breaks up into cells. Fig, 13 is a typi-
cal photograph of the sensitive layer. The fog al-
ternately clears and is restored (pulsations of the
fog background) and the shapes and arrangement of
the cells can vary. Cell size and pulsation fre-
quency depend on chamber pressure and on the
nature of the gas and vapor. Pulsation frequency
increases with reduced vapor flow and reduced gas
pressure. The smaller the latent heat of condensa-
tion and the smaller the molecular weight of the
gas, the higher the pulsation frequency. Fluctua-
tions of the fog background density are evidently
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FIG. 13Photograph of a sensitive zone in a low-pressure
chamber (p = 40 mm Hg) filled with air and ethyl-alcohol vapor.

associated with the liberation of heat through
condensation.

It is important to note that the track of an alpha
particle passing through a few cells is continuous.
Under certain conditions of illumination, a photo-
graph may not show the cells at the same time that
the alpha-particle track is clearly visible.

As already mentioned, fluctuations of the drop-
let background also occur in high-pressure cham-
bers for a given temperature distribution. But un-
like the case of high-pressure chambers, where
this effect can be avoided, time fluctuations of the
droplet background density cannot be eliminated in
a low-pressure chamber since the temperature
distribution in the chamber cannot be regulated.

6. CHAMBER CONTROL

A diffusion chamber can be controlled by either
external or internal 25 counters. In work with ac-
celerators the chamber is usually controlled by
the accelerator itself.? The sequence of opera-
tions and typical time intervals between them are
shown in Fig. 4, which was taken from reference
26.

In a diffusion chamber droplets begin to grow on
ions immediately following the passage of a par-
ticle, whereas in a conventional cloud chamber
some time elapses between the passage of the par-
ticle and the production of the required supersatura-
ration; during this time ions diffuse from the places
where they were generated. As a result particle
tracks in a diffusion chamber are clearer than in
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FIG. 14. Operating cycle of a diffusion chamber. Times are
given in seconds. 1) Switching off of electric sweeping field;
2, 3) Entrance of particles; 4) Illumination pulse; 5) Switching
on of electric sweeping field and film-moving mechanism. Total
duration of cycle is 6 to 12 sec,

a conventional cloud chamber controlled by coun-
ters. It must also be remembered that in a diffu-
sion chamber the tracks are not distorted by the
motion of the expanding gas. The control system of
a diffusion chamber is considerably simpler than
that of a chamber involving expansion.

Because of its continuous operation, a diffusion
chamber can be controlled by means of a photo-
multiplier ‘‘scanning’’ the working volume. Light
scattered by the particle track enters the photo~
multiplier, the output pulse of which then triggers
the control system. This control is subject to the
condition that light scattered by the droplet back-
ground is considerably weaker than the light pulse
from the particle track. This condition is easily
fulfilled in the recording of strongly ionizing par-
ticles such as alpha particles or of showers gen-
erated by high-energy particles,

Reference 27 reports briefly on the possibility
of controlling a diffusion chamber by means of a
photocell. Control of the chamber by means of a
photomultiplier is very promising, for example,
for the recording of extensive air showers or
events accompanied by the appearance of strongly
ionizing particles in the volume of the diffusion
chamber itself.

7. DESIGN OF DIFFUSION CLOUD CHAMBERS

a) Cooling of Chamber Bottom

The bottom temperature required for satisfac-
tory operation of the chamber depends to a con-
siderable extent on the nature of the vapor. It is
customary to use methyl or ethyl aleohol vapor,
for which the bottom temperature must be below
—40°C. The bottom can be cooled most simply by
direct contact with dry ice pressed against the
bottom by a spring. This method gives very satis-
factory results when the chamber walls are poor
conductors. In metal chambers there is large heat
flow along the walls. For example, in a chamber
with a steel wall 6 mm thick and 430 mm in diam-
eter and with a temperature gradient of 6°C per
centimeter, the required heat flow is 50 cal/sec.?
The evaporation rate of the dry ice then reaches-

8

1 1/sec, which leads to the formation of a heat-
insulating layer of gas. This in turn causes non-
uniform cooling of the bottom.

Somewhat better results can be obtained by
cooling the bottom with a mixture of dry ice and
acetone or alcohol?*!% A container welded to the
bottom is filled with the cooling mixture, which is
in contact with the undersurface of the bottom plate,
thus insuring more uniform cooling. In this case,
however, the liberation of a large amount of gas
with large heat flow reduces the total surface of
contact with the cooling mixture, thus preventing
the achievement of low temperatures.

Much lower temperatures are achieved by the
use of liquid nitrogen. The bottom is then cooled
either by means of a heat conductor within a Dewar
vessel?? or by passage of the liquid nitrogen
through a coil of pipe fastened to the bottom.% 12

In diffusion chambers that are operated in con-
junction with accelerators the cooling system usu-
ally consists of a heat exhanger (or refrigerator)
and coil fastened directly to the bottom of the
chamber. The cooling liquid is pumped through the
heat exchanger, which is usually a tank filled with
a mixture of dry ice and acetone, and then through
the coil fastened to the bottom. The temperature
can be regulated by varying the vapor pressure
above the mixture; in this way the bottom can be
cooled to about—100°C .28 Reference 28 gives
calculations which can be useful for the designing
of a chamber-cooling circulating system. The
cooling of a chamber with a transparent bottom,
such as is described in reference 30, presents
certain specific difficulties.

b) Chamber Walls

The walls of a diffusion chamber serve two dif-
ferent purposes. They form a portion of the con-
tainer, which when the chamber is filled with
gases at different pressures must be gastight and
sufficiently strong. Secondly, the walls provide the
boundary temperatures, which strongly affect the
temperature distribution within the chamber.

To prevent local convection currents, which
would disturb normal operation, the wall tem-
perature in each horizontal cross section must be
constant. This condition is easily fulfilled in the
case of transparent walls, where no window is re-
quired for illumination. Metal walls require win-
dows for illumination and for the admission of par-
ticles. In this case the flow of heat along the wall
from the top to the bottom encounters different
resistance in different cross sections. The verti-
cal temperature distribution along the wall there-




DIFFUSION CLOUD CHAMBERS 133

fore varies and the existence of a horizontal com-
ponent of the temperature gradient results in
convection currents, which are easily detected
through the formation of fog curtains that remain
motionless for a long period. Convection estab-
lishes an internal temperature distribution in the
chamber volume which is different from that along
the walle,

Temperature differences in any horizontal cross
section can be obviated through the use of sources
of cold and heat sources disposed on the outside
of the walls, but it is considerably simpler to
create a temperature field by placing a special
container inside the chamber.® 143! A plexiglas
cylinder with a pure copper bottom is placed in-
side the metal diffusion chamber. The bottom tem-
perature of this cylinder is that of the copper disk,
while its upper temperature is that of a copper
trough containing evaporating liquid. The outside
of the cylinder is surrounded by gas, which trans-
fers heat between the different elements in the
chamber. Measurements with a thermocouple
sliding along the cylinder wall® have shown that
the horizontal component of the temperature
gradient does not exceed 1 or 2°C.

Difficulties associated with the need for equal-
izing the wall temperature of a metal chamber
containing windows can be overcome to a con-
siderable extent if illumination is achieved through
the use of a window in the top cover and mirrors
inside the chamber.® There are then no windows in
the side walls, Side windows are also undesirable
from considerations of strength. Large tempera-
ture gradients cause internal stresses in connected
parts made of materials with different expansion
coefficients. This is especially dangerous in high-
pressure chambers, where leaks can occur as a
result of repeated strains during cooling and heat-
ing. Methods and devices used to prevent leaks in
window chambers complicate the operation of the
entire instrument.!4

¢) Vapor Source

The vapor source in downward-diffusion cham-
bers is usually a trough, fastened to the top plate,
containing the working liquid. Near the top the
vapor pressure decreases with increasing distance
from the vapor source. To produce uniform super-
saturation equal to unity near the top plate, the
vapor source can be a liquid maintained at constant
temperature® and evaporating from the lower sur-
face of the lid., The cover then takes the form of a
vessel with gastight walls and a porous bottom. A
simpler vaporizer was described in reference 17,

A very damp cloth was fastened to the lower sur-
face of the metal lid, the moisture being maintained
at a constant level by means of tubes.

Vapor sources in the form of troughs possess
two serious disadvantages. They require periodic
replenishing of the working liquid, which in the
case of high or low gas pressures necessitates
special devices,!4 thus complicating the design and
operation of the chamber. Secondly, when a mix-
ture of different liquids is used as a vapor source
the composition of the mixture changes during
operation, thus varying the operating conditions of
the chamber. Consequently pure alcohol is usually
used in diffusion chambers, although it is known
that mixtures give better results. Unconnected
troughs containing different pure liquids can be
used to provide a vapor mixture, but this intensi-
fies the disadvantage resulting from the fact that
special devices are needed to replenish the work-
ing liquids.

A diffusion chamber with a continuously operat-
ing vapor source® and without the aforementioned
shortcomings was proposed in 1952, A liquid
poured on the chamber bottom rises through capil-
lary action in porous plates located close to the
walls; it then evaporates and diffuses into the
chamber. This process is continuous so long as
the required temperature distribution is main-
tained between the top and bottom. The composi-
tion of the mixture remains constant. Investiga-
tion of the structure of the sensitive zone by means
of a gas discharge® and by means of expansion!?
in a chamber with a continuously operating vapor
source®® shows that supersaturation in the sensi-
tive zone is practically independent of the hori-
zontal coordinate. Partial pressure distribution
within such a chamber is of the same character
as in a chamber with the usual vapor source in a
trough. Windows cut through the porous plates
for illumination of the chamber do not cause in-
homogeneity of the sensitive zone.

In a chamber with a continuous vapor source
the droplet background is usually less dense and
more uniform than in a chamber with a trough
source close to the lid. This apparently results
from the fact that under certain conditions a large
number of condensation nuclei can be formed close
to a vapor source provided by a trough fastened to
the lid.

In chambers with a trough the vapor source
temperature is usually a few degrees abhove the
temperature of the ambient gas. This temperature
difference is especially great in chambers where
auxiliary heating of the vapor source is provided;
see reference 22, for example. When gas from
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below comes into contact with such a source the
condensation nuclei that are created migrate into
the sensitive zone forming a fog background.

With nonuniform heating of the lid or walls, local
convection currents arise and create a correspond-
ing configuration in the droplet background. Down-
ward currents of cooled gas enter the sensitive
zone and form fog curtain that remain almost un-
changed in shape and position for long periods.
Such fog curtains have been noted by many investi-
gators.23 When the vapor source has a lower tem-
perature than the gas near the lid (as with a con-
tinuously operating source) this effect is much less
pronounced.

A continuous vapor source can be used in large
chambers; for example, a chamber with a 60 X 90
cm bottom was demonstrated at the All-Union In-
dustrial Exposition of 1956,

It has already been noted that the number of
neutral centers and thus the droplet background
will grow with rising vapor source temperature.
At an interior temperature of 60°C a chamber can-
not furnish good tracks of ionizing particles, and
at about 80°C all registration ceases.

d) Illumination of Chamber

A diffusion chamber is usually illuminated from
the side through transparent walls or through win-
dows in the walls of a metal chamber. A heat-
insulating air gap is used to prevent frosting or
fogging of the outside surfaces of windows 34 39
The temperature of the surface exposed to the out-
side air is then usually above the dew point. The
outside walls are sometimes heated to prevent
condensation. To prevent fogging of the outside
surface of windows in metal chambers special
jackets are usually used to insulate the windows
from the outside air.!Y The illuminating lamp and
lens system are mounted inside the jacket, which
contains dried air.

The light beam generally interacts with the gas
and vapor mixture in the chamber; in some in-
stances this increases the droplet background,
worsens track quality, and reduces the ion-load
limit. When a chamber is illuminated by means of
a gas-discharge lamp, neutral condensation nuclei
may appear.!* Because of their long lifetimes the
neutral nuclei can accumulate in the chamber; the
droplet background then gradually grows and in the
case of prolonged operation of the chamber can
become so large that the recording of ionizing
particles is impeded. Unfiltered pulsed illumina-
tion of a chamber can sometimes prevent normal
operation for a long period or lead to total loss of
sensitivity.
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Light also heats the chamber walls, thus chang-
ing the temperature distribution. When the cham-
ber volume is illuminated uniformly and heating of
the walls is prevented, prolonged continuous illum-
ination by means of an incandescent lamp does not
appreciably affect normal operation. For example,
a chamber used to project ionizing particle tracks
on a screen functions continuously with a light flux
of 2000 lumens.%

e) Particle-absorbing Plates in Diffusion Chambers

For the purpose of investigating interactions
between high-energy particles and matter it is
sometimes desirable to place absorbing plates in-
side a diffusion chamber. The presence of a solid
body inside the thamber and the resulting changed
conditions for the transfer of heat and matter can
seriously affect the operation of the chamber., A
thin plate which is a poor heat conductor has little
effect on the temperature distribution in the cham-
ber volume. The temperature distribution on the
plate will be that of the chamber gas. Similar con-
ditions exist when composite plates are used whose
layers are thermally insulated from each other. In
reference 36 it is shown that a lead absorber con-
structed in this manner does not disturb the ther-
mal regime of a chamber.

When simple plates are used, made of materials
that are good heat conductors, the temperature
distribution on the plates is necessarily determined
by the location of the sources of heat and cold. The
plates then have a significant effect on the volume
temperature distribution.

Supersaturation cannot exceed unity on the sur-
face of a solid body; an insensitive zone is thus
produced close to the plate. This is the principal
obstacle which limits the use of plates inside dif-
fusion chambers.

In reference 37 different ways of positioning
plates were studied as well as the factors that af-
fect the size of the insensitive zone close to a
plate. The size of the insensitive zone was de-
termined by means of alpha and beta-particle
sources. An analysis of a track photograph ob-
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tained in this work shows that the insensitive zone
has the shape represented in Fig, 15. The profile
of the sensitive region can be obtained by photo-
graphing the chamber volume immediately follow-
ing expansion or a gas discharge.! When the cham-
ber is illuminated by a narrow light beam the
photograph clearly shows an insensitive zone close
to the walls because of the absence of fog.

The size of the insensitive zone is determined
by the vapor flux. With increase of the latter the
height of the sensitive zone increases and the in-
sensitive zone is reduced. The character of
gas movement within the chamber has a signifi-
cant influence on the size of the insensitive zone,
which can be greatly reduced (to 1 or 2 mm) near
the surface of a solid through the flow of gas con-
taining a large amount of vapor at a higher tem-
perature than the surface. This is easily accom-
plished in a diffusion chamber with a large hori-
zontal component of the temperature gradient.

8. CONCLUSION

Diffusion chambers possess a number of ad-
vantages over conventional cloud chambers and
are thus replacing the latter at present for some
purposes such as work with particle accelerators,
Diffusion chambers permit great extension of this
method of recording particles. For example, a
diffusion chamber can record all ionization events
occurring in its sensitive zone and can thus be
used for absolute measurements of alpha and beta
activities of the order of 107'2 Curie.*® The con-
tinuous operation of diffusion chambers makes it
easy to record very rare events that are accom-
panied by the production of strongly ionizing
particles.

Diffusion chambers can be used successfully to
study gas discharges, the behavior of charged
droplets in electric and gravitational fields, as
well as the formation and growth of droplets and
of ice crystals on different kinds of condensation
nuclei. They can also be used to investigate light
scattering on droplets®® and the behavior of a fog or
mist-filled region in gravitational and electric
fields.?

The simple construction and reliable operation
of diffusion chambers has also lead to their wide-
spread use for instructional purposes as a demon-
stration instrument that permits continuous ob-
servation of ionizing particle tracks.3% # Diffusion
chambers are being used extensively at present to
investigate interactions between accelerated par-
ticles and matter.14 26 They will continue to be im-
portant despite the development of such promising
instruments as scintillation detectors and bubble
chambers.
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