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Abstract
Full Text
PHYSICS
Yu. KAGAN

ON THE THEORY OF THE BUBBLE CHAM-
BER
(Presented by Academician I. K. Kikoin, 2 XI 1957)

1. The phenomenon, discovered by Glaser in 1952 (1), of the boiling of a su-
perheated liquid under the action of radiation and the formation of individ-
ual vapor bubbles along the tracks of charged particles was subsequently
observed in many liquids with very different properties. At present one
may assert that this phenomenon must be based on some general nature
of the interaction of fast charged particles with a metastable liquid.

In the experiments carried out up to the present time, only the number of
bubbles per unit length of track 𝑔 has been studied quantitatively. In papers (2,3)
the first data are given on the dependence of 𝑔 on 𝛽 = 𝑣/𝑐 and on the parameters
of the liquid 𝑝 and 𝑇 . A satisfactory theory explaining the phenomenon itself
and the observed dependences is still lacking.

Below an attempt is made to explain the available experimental data, based
on the idea that the formation of visible bubbles along the track is the result
of the entry of subcritical embryos into the region of substantial localization of
the energy lost by the charged particle. (In a moderately superheated liquid, in
the absence of boiling, there are always vapor bubbles of subcritical dimensions,
whose distribution changes comparatively little up to a time of the order of
the intrinsic boiling time.) The consequence of this is an increase of the radius
of the embryo to a size exceeding the critical radius 𝑅𝑘. We shall define the
region of localization by considering, for definiteness, fast heavy particles (𝜒 =
𝑍0𝑒2/ℏ𝑣 ≪ 1; 𝑍0𝑒 is the charge of the particle) and a liquid whose molecules
are formed by light atoms.

2. We shall use the fact that the influence of such a particle in distant colli-
sions is equivalent to the influence of a perturbing potential whose center
moves rectilinearly with constant velocity v (4). Characterizing the posi-
tion of the nucleus of an atom of the substance by a definite value 𝑟 (we
neglect the polarization-field effect) and taking into account that 𝑟 is large
in comparison with the atomic dimensions 𝑎, for the transition probability
we have

𝑤0𝑛 = 1
ℏ2 ∣∫

∞

−∞
(d)0𝑛 ⋅ E(𝑟) 𝑒 𝑖

ℏ (𝐸𝑛−𝐸0)𝑡 𝑑𝑡∣
2

. (1)
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Here E(𝑟) is the electric field created by the moving particle at a distance 𝑟
from the trajectory (5); d is the dipole moment.

Effectively, transitions occur in the region of impact parameters bounded above
by the adiabaticity parameter

𝑝 ∼ ℏ𝑣/√1 − 𝛽2 𝐼 (2)

(𝐼 is a certain mean ionization potential).

Multiplying 𝑤0𝑛 by 𝐸𝑛 − 𝐸0 and summing over all states of the discrete and
continuous spectra. Restricting the consideration to values of 𝑟,

smaller than 𝑝, and making use of the known summation theorem (6), for the
energy released in a unit volume we obtain

𝑞1 = 2𝑁𝑍𝑍2
0𝑒4/𝑚𝑐2𝛽2𝑟2, (3)

where 𝑁 is the number of atoms of the substance per unit volume, and 𝑍 is the
atomic number.

In the region 𝑟 > 𝑎, a substantial contribution to the localization of energy losses
will be made by the slowing down of secondary electrons that have acquired, in
a collision, an energy ≫ 2𝐼 . For 𝜒 ≪ 1 these electrons are produced in the
region 𝑟 ≪ 𝑎, and the probability of their production per unit path with energy
𝜀0 is determined by the expression

𝑑Φ(𝜀0) ≃ 𝐿
𝛽2

𝑑𝜀0
𝜀2

0
; 𝐿 = 2𝜋𝑁𝑍𝑍2

0𝑒4

𝑚𝑐2 (4)

((4) loses accuracy for 𝜀0 close to 𝐼).

Most secondary electrons, with the exception of 𝛿-electrons with energy close
to the maximum (which are not important for our consideration), are scattered
through an angle ≃ 𝜋/2. Accordingly, the problem may be regarded as the
slowing down of electrons with the energy spectrum (4), emitted from the line
𝑟 = 0 at right angles to it.

The slowing down of the secondary electrons will be accompanied by scattering,
which after passage through a layer of a certain thickness will lead to a diffusive
character of the motion. For the boundary of transition between the regions
of directed and diffusive motion, following Bethe, we choose the condition that
cos 𝜃 decrease by a factor 𝑒.

The value of 𝑟 corresponding to an energy loss in the first region from 𝜀0 to 𝜀
can be represented in the form
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𝑟 = 1
𝜔 ∫

𝜀0

𝜀
cos 𝜃 1

𝐵 𝜀 𝑑𝜀, 𝐵 = ln 𝜀
𝐼 √𝑒

2, 𝜔 = 2𝜋𝑁𝑍𝑒4. (5)

For cos 𝜃 we have the expression

cos 𝜃 = exp {− 1
𝜔 ∫

𝜀0

𝜀

𝐾
𝐵 𝜀 𝑑𝜀} , (6)

𝐾 = 𝑁 ∫
𝜋

0
𝜎(𝜗)(1 − cos 𝜗) 𝑑Ω (7)

(𝜎(𝜗)𝑑Ω is the differential effective cross section for scattering of electrons by
atoms of the substance (8)).

Transforming (7), with accuracy up to a factor ∼ 1 under the logarithm sign,
permits (6) to be reduced to the form

cos 𝜃 = exp {−𝑍
4 ∫

1

𝜀/𝜀0

𝐴
𝐵

1
(𝜀/𝜀0) 𝑑 ( 𝜀

𝜀0
)} , 𝐴 = ln 8ℏ2𝑚𝑒

𝑒4𝑍𝐼𝑠
.

If one neglects the weak dependence of 𝐴/𝐵 on 𝜀0, apart from 𝜀/𝜀0, it follows
from this that cos 𝜃 ≃ 𝜑(𝜀/𝜀0) and, in particular, a decrease of cos 𝜃 by a factor
𝑒 approximately corresponds to a definite value 𝜀′/𝜀0.

As a consequence of this,

𝑟 ≃ 𝜀2
0𝜓(𝜀/𝜀0). (8)

Hence

𝜀/𝜀0 ≃ 𝜓1(𝑟/𝜀2
0). (9)

For the density of energy losses we have

𝑞 = 1
2𝜋𝑟 ∫

𝜀0 max

𝜀0 min

(−𝑑𝜀
𝑑𝑟) 𝑑Φ(𝜀0). (10)

Using (9), after transformation we obtain

𝑞2 ≅ 𝐿
4𝜋𝑟2𝛽2 {𝜓1 ( 𝑟

𝜀2
0 max

) − 𝜓1 ( 𝑟
𝜀2

0 min
)} . (11)
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Considering the region 𝑟, where secondary electrons with 𝜀0 min practically no
longer contribute to the energy losses, while the losses of the fastest electrons
are still small, we find, in accordance with (9),

𝑞2 ≅ 𝐿/4𝜋𝑟2𝛽2. (12)

For the second region it is necessary to consider the slowing down during diffu-
sion of electrons emitted from a cylindrical surface of radius

𝑟′ = 𝜀2
0𝜓(𝜀′/𝜀0). (13)

We shall use the “age”equation with 𝜏 , defined as

𝜏 = 1
3𝜔 ∫

𝜀′

𝜀

1
𝐾𝐵 𝜀 𝑑𝜀 ≅ 4𝜀4

0
𝜔2𝑍 ∫

𝜀′/𝜀0

𝜀/𝜀0

1
𝐴𝐵 ( 𝜀

𝜀0
)

3
𝑑 ( 𝜀

𝜀0
) . (14)

The solution of this equation, taking into account the initial condition 𝜏 = 0;
𝑓 = const ⋅ 𝛿(𝑟 − 𝑟𝑎), leads to the expression for the distribution function

𝑓 = const 1
4𝜋𝜏 exp (−𝑟′2 + 𝑟2

4𝜏 ) 𝐽0 (𝑖𝑟′𝑟
2𝜏 )

(𝐽0 is the Bessel function of zero order).

Let us determine 𝑟2 for electrons of one age. Omitting the intermediate calcula-
tions, we write the final result 𝑟2 = 𝑟′2 + 4𝜏 . The quantity 𝑟 = (𝑟2)1/2 may be
regarded as the effective distance over which the electron energy changes from
𝜀′ to 𝜀. Then, taking (13) and (14) into account, one can write

𝑟2 ≅ 𝜀4
0𝜉(𝜀/𝜀0). (15)

Hence

𝜀/𝜀0 ≅ 𝜉1(𝑟2/𝜀4
0). (16)

The density of energy losses in the region under consideration is determined by
an expression analogous to (10). Using (16), we find

𝑞3 ≅ 𝐿
4𝜋𝑟2𝛽2 {𝜉1 ( 𝑟2

𝜀4
0 max

) − 𝜉1 ( 𝑟2

𝜀4
0 min

)} .

The same arguments as in the transition from (11) to (12) make it possible to
simplify this expression:
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𝑞3 ≅ 𝐿/4𝜋𝑟2𝛽2. (17)

The total density of energy losses by secondary electrons is

𝑞′ = 𝑞2 + 𝑞3 = 𝛼′ 𝑁𝑍𝑍 2
0 𝑒4

𝑚𝑐2
1

𝛽2𝑟2 (𝛼′ ∼ 1). (18)

The total amount of energy localized in a unit volume at a distance 𝑟 from the
track, for 𝑎 < 𝑟 < 𝜌, is determined by the expression:

𝑞 = 𝑞1 + 𝑞′ = 3𝛼 𝑁𝑍𝑍2
0𝑒4

𝑚𝑐2
1

𝛽2𝑟2 (𝛼 ∼ 1). (19)

3. The processes occurring in matter when a fast charged particle passes
through it are associated either with the formation of ions, or with the re-
lease of heat, or with both simultaneously. Their macroscopic effectiveness
obviously depends in an essential way on the magnitude of 𝑞.

Let us consider the region where 𝑞 ≤ 𝑞0 (𝑞0 is some fixed value of the den-
sity). From the results obtained it follows that the dimensions of this region are
inversely proportional to 𝛽,

𝑟0 = 𝛾/𝛽. (20)

Hence an important conclusion follows: all processes will occur similarly in the
volume of a cylinder around the track whose radius varies as 1/𝛽. We note
that the limiting dimensions of the region where ionization or excitation can in
principle take place will increase as 𝛽 increases.

4. Visible vapor bubbles along the track of a charged particle are formed as
a result of nuclei entering a cylindrical volume of radius 𝑅 = 𝑟0 + 𝑅eff,
where 𝑅eff is the effective radius of nuclei being transformed through 𝑅𝑘
(𝑅eff ≤ 𝑅𝑘). Then the number of particles per unit length of track is
determined as

𝑔 ≃ 𝑁eff𝜋 (𝑅eff + 𝛾/𝛽)2 , (21)

where 𝑁eff is the number of nuclei per unit volume of liquid whose radius lies
within the limits 𝑅eff < 𝑅 < 𝑅𝑘.

(21) in fact takes into account the purely thermal action of the passing particle.
Ions can promote bubble growth only under the condition that they are
symmetrically distributed around the nucleus, and therefore their positive
role can appear only when the center of the bubble falls inside the region
(20). Consequently, if ions make some contribution to the formation of
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visible bubbles, then an analogous expression with 𝑅eff = 0 should be
added to (21). We note that a term in 𝑔 independent of 𝛽 can appear only
in those special cases when 𝛾/𝛽 ∼ 𝑅eff.

Expression (21) qualitatively describes the existing experimental facts. Indeed,
in a sufficiently superheated liquid 𝑟0 ≫ 𝑅eff, and (21) becomes

𝑔 ≃ 𝑁eff𝛾1
𝑁𝑍𝑍2

0
𝛽2 .

A similar character of the dependence on 𝛽 was observed in work (2). The
presence of a velocity-independent term in 𝑔 was first described in (3). The
observed exponential character of the dependence of 𝑔 on 𝑇 (3) and 𝑝∞ − 𝑝 (2)
is evidently associated with 𝑁eff.

Finally, the absence of boiling in xenon (7) can be easily explained by the small
value of 𝛾 (large 𝑞0 because of the delocalization of part of the energy due to
scintillation), and also by the small magnitude of 𝑁eff (large 𝑅eff—a pure liquid).

Received
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