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ABSTRACT

Basic mechanism of bubble nucleation in superheated
drops with respect to minimum energy of radiation and
temperature is discussed.

Experimental details and techniques for the preparation
of Superheated Drop Detectors (SDDs) is explained. For the
sample preparation, homogeneous composition of polymer
(Morarfloc) and glycerine was used as the host medium and
three different refrigerants Mafron-21, Mafron-12 and
Mafron-11/12 (50:50) were chosen as the sensitive liquids. A
pressure reactor developed at Health and Safety Laboratory
is used for dispersing the sensitive liquid drops in the
homogeneous composition under pressure. Some of the
important detector characteristics were studied.



PREPARATION AND CHARACTERISATION OF SUPERHEATED DROP DETECTORS
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INTRODUCTION

The Superheated Drop Detector [SDD], introduced by Apfel [1]

is a new kind of radiation detector which can serve as a very

useful tool for neutron dosimetry. It consists of drops of a

superheated liquid suspended in an immiscible visco-elastic gel

or polymer, and works on the same basis as the bubble chamber

invented by Glaser [2] in 1952, ie.,through initiation of vapor

bubbles by ions passing through a superheated liquid. The direct

application of the bubble chamber itself for purposes of

dosimetry is ruled out because of two reasons: (i) The volume of

the superheated liquid ("100-1000 litres) involved is huge (ii)

After each nucleation event, the chamber has to be repressurized

to take the liquid back to the superheated state and the possible

repetition rates are typically less than five per sec [3].

However, attempts to produce a simple, portable integrating

device based on this principle have been continuing since long.

Lieberman [4], Finch [5], Hahn and Peacock [6], Greenspan and

Tschiegg [7], Bertolotti et.al [8J and West and Howlett [9]

considered a device wherein the superheated state of liquid is

generated by acoustic cavitation. In this method, acoustic

standing waves are produced, leading to regions of compression

and rarefaction, the latter falling into superheated state.

* Health and Safety Lab., Indira Gandhi Centre for Atomic
Research, Kalpakkam 603 102.



Later a new type of detector called "spinner" was developed

by Hahn and Spadavechhia [10] in which centrifugal forces were

used for producing negative pressures in a liquid and thus

sensitize it for nuclear radiation. The major limitation of this

technique is the difficulty in generating and maintaining large

tensile stresses in liquids. Furthermore, the collapse of

cavitation bubbles in a bulk sample often produces a large number

of bubble "seeds" which weaken the liquid to future tensile

stresses.

A well-known technique in the experimental determination of

the superheat limit of a liquid consists of allowing drops of the

liquid to rise up the column of a non-soluble host liquid in

which a suitable upward temperature gradient is maintained. Both

theoretical calculations and experiments showed the possibility

of attaining any desired degree of superheat, often upto as high

as 100°C above the boiling point of the liquid [11-13]. This

technique of subdividing a liquid into drops and then suspending

these in a " perfectly smooth" container -i.e, the host liquid-

can be adapted for purposes of radiation detection and this

required that the rising liquid drops be immobilized at some

stage. A number of techniques have been exalored for immobilizing

the drops [14-17], but none has proved useful for personnel

monitoring in radiation fields.

On the other hand dispersing drops in a gel-like medium has

proved to be a simple and economic solution[1,18]. Superheated
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drops in a gel like host serve as miniature bubble chambers which

remain sensitive for long duration of time. Further, a nucleation

event at one point does not affect or alter the sensitivity of

the whole sample. Moreover, this type of detector needs no power

source, because the drops themselves provide stored mechanical

energy which is released when triggered by radiation. When a

vapour bubble nucleates, the pressure within the bubble is

greater than the ambient pressure. As a result, a pressure pulse

is produced which can be easily detected. This feature enables

the development of an instrument which operates by detection of

the vapour nucleation of superheated drops using a piezo-electric

transducer [19]. The cumulative volume of the vapour produced by

radiation-induced vaporization of the superheated drops monitored

by a hydrometer like device can be used as a measure of the time

integrated dose [20].

PROCESS FOR SDD SAMPLE PREPARATION

The stages involved in the preparation of SDD samples are

shown in a block diagram in fig.1 and are described below:

Refrigerants Mafron-21, Mafron-12 and Mafron-11/12 (50:50),

which are in vapour phase at room temperatures but can easily be

changed into superheated liquid phase by appropriate means, have

been selected to serve as radiation sensitive liquids.



A commercially available, inexpensive, viscous polyacrylamide

polymer obtained from M/s Horarji Brothers, Bombay is used as the

host medium for the SDD sample preparations. This viscous polymer

is filtered using a G3 sintered glass filter under vacuum suction

to remove any solid impurities.

Most important aspect in the preparation of any SOD sample

is the adjustment of polymer composition. For, the polyacrylamide

poJymer as such is highly viscous and hence is not suitable for

sample preparations. Usually the polymer/gel is softened using a

suitable solvent, thus optimising the viscosity of the prepared

composition so as to hold the superheated drops. In the present

work, polymer and glycerine in the ratio of 1:1 are vigorously

mixed with a mechanical stirrer, until a homogenous composition

is formed. The prepared compositions contain large number of

bubbles, clusters and gas pockets which are degassed using a

vacuum pump.

Though there are various techniques for dispersing the

radiation sensitive liquid in a homogenous viscous polymer media,

there are only two ways of achieving the superheated state which

is explained from the phase diagram of fig.2.. The drops can

simply be introduced in a host polymer at a temperature c, below

the boiling point of the liquid and then the temperature can be

increased to b, the desired degree of superheat ;or

alternatively, the drops can be introduced at a pressure a,

greater than the liquids vapour pressure and desired degree of



superheat can be achieved by lowering the pressure to b. Due to

practical difficulty, in some cases, of maintaining the host

medium in liquid state at temperatures below the normal boiling

point of the sensitive liquid, it is generally cumbersome to

introduce drops using the first procedure. By comparison the

introduction and dispersion of drops under pressure is achieved

more easily and the same procedure is adopted in all our sample

preparations.

Fig.3 shows the pressure reactor, developed at Health and

Safety Laboratory, which is used for dispersing superheated

droplets in a host liquid. The pressure reactor is rated for a

high pressure of 150 psi as well as vacuum. The complete set up

used for SDD sample preparation is shown schematically in fig.4-.

A suitable amount of the polymer, whose preparation has been

described earlier, is taken in the chamber of the pressure

reactor. The reactor is connected to a vacuum pump through valve

VI and the pressure reduced to about 10 torr. This is to ensure

that the entrained air content is a minimum so that premature

nucleation of superheated drops subsequent to preparation may be

averted. The pressure chamber is then cooled below the room

temperature. The vacuum pump is disconnected and a Mafron

cylinder is connected to the reactor through valve V1 and a

charging line containing a molecular sieve. The cylinder is kept

in a vertical position, allowing only the Mafron vapor to pass

to the chamber and avoiding transfer of any spurious solid

particles. The molecular sieves trap the particulate impurities,
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if any. On reaching a steady pressure, as indicated by the gauge

in the chamber, the vapour supply is cut off. In a short while,

the vapour condenses on top of the cold polymer.

The condensed liquid is dispersed in the host liquid in the

form of drops by the stirrer provided for in the pressure reactor

using a variable speed motor. After approximately 5 minutes of

stirring, the pressure of the chamber is released and the

prepared sample is withdrawn. The samples are then allowed to set

for about an hour. Once the drops are encapsulated by the

polymer, viscous and interfacial forces prevent the drops to boil

at ambient conditions. And these drops are sufficiently

superheated so as to be sensitive to radiation (neutrons and

charged particles).

Samples have been prepared using Mafron-21, Mafron-12 and

Mafron-11/12 (50:50) sensitive liquids. Some of the physical

parameters of these liquids are given in Table I.

MECHANISM OF BUBBLE NUCLEATION

In general, buobles can be initiated in a superheated liquid

by (i) the presence of heterogeneous nuc.leation sites such as

microscopic air bubbles, gas pockets ,solid impurities etc; (ii)

radiation interaction or (iii) homogeneous nucleation caused by

large scale density fluctuations at molecular level.



SDD samples are free from solid impurities, microscopic air

bubbles and gas pockets and hence initiation of vapour bubbles by

heterogenous nucleation sites is avoided. Further, the drops

encapsulated by the polymer in SDD samples are at a temperature

much below the homogeneous nucleation limit. So, homogeneous

nucleation caused by density fluctuations is also avoided . Hence

the only possibility of nucleation of bubbles in SDD samples is

due to radiation interaction. According to Seitz's thermal spike

theory [21], the ions produced by radiation interaction deposit

energy via 'thermal spike' to produce a bubble of critical size

in the superheated drop. Due to sudden deposition of energy in a

small region of the bubble, the produced heat changes the surface

tension of superheated liquid . This variation in surface tension

of the liquid at a hot spot of the small region is sufficient to

form a nuclear critical size radius r . i.e.

Plesset and ZwJck [22] have shown that both viscosity and

inertial effects become unimportant soon after the bubble exceeds

the critical radius r in a superheated liquid . The ultimate

growth is determined primarily by the rate at which heat flows

from the surrounding fluid to the surface of the bubble to

provide the heat of vaporization of the liquid.The Gibb's free

energy AG to form a spherical bubble of radius r can be

expressed as the sum of surface term proportional to r and

volume term proportional to r .



Thus,

AG=^fTIr YlT)-if/3IIr z>p ...(2)

From the plot of eq.(2) in fig .(5), it is seen that the energy

goes through a maximum at the critical radius r . Reversible

thermodynamic work to form a vapour bubble of critical size

derived by Gibb's [23] is given by

W = 1611 "Y3(T)/3(/iP)2 ...(3)

From equations (1) and (3) it is seen as cP increases r

decreases and hence less energy is required to form a critical

bubble. Further one can expect for a higher degree of superheat

(zip) threshold radiation energy required to nucleate bubbles is

lowered.

Nucleation of critical size vapour bubbles by radiation

(neutron) depend on a critical amount of energy E being

deposited within a critical diameter. This energy E is

proportional to the formation energy W of the bubbles. This, in

turn, leads to a threshold neutron energy depending upon the

degree of superheat and the type of sensitive liquid, above which

alone neutron induced nucleation events can occur. When neutrons

of a given energy hit a drop of refrigerant, say Mafron-12 (Navin

Flourine trade name for CCl^F,), it is possible that the

different nuclei of the liquid namely (C,C1,F) will receive

different amounts of recoil energy . For a given amount of

kinetic energy, the ion that will play the major role in vapour

nucleation is determined by the ion that has highest linear
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energy transfer in a given liquid. Therefore, knowledge of

stopping power data (dE/dX) of relevant ions in a given liquid

is necessary to understand the primary role of the ion in

predicting the threshold neutron energy. Curves drawn for the

stopping powers of relevant nuclei (projectile) of Freon-12 by

R.E.Apfel et.al [24] is shown in fig.(6). It is known from the

stopping power curves that heavier ions are more efficient in

depositing their energy than the lighter ones though the latter

receives higher energy from a neutron collission.

Efficiency C^\) of bubble production is defined as the

ratio of Gibbs energy W to produce a bubble of critical radius

r^, and the critical energy E (=dE/dX x 2r ).

It is found from the earlier experimental data of R.E. Apfel

et.al [24] and Greenspan and Tschiegg [25] that the efficiency

for the nucleation process is approximately 3-5%. By setting

T|-0.04 in equation (4) and substituting appropriate values of

tvT) and ^p of a given sensitive liquid at a given temperature,

it is possible to determine the value of dE/dX. From the

known value of dE/dX, the corresponding ion energy (projectile

energy) E. can be determined using the stopping power curves.

This ion energy E. is related to the threshold neutron energy

E using the formula for the elastic scattering of a neutron

with an atomic nucleus of atomic weight A which is given by

ET-:(A+1)
2xEi/4A ...(5)
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It is also observed from the stopping power curves that one can

not deposit more than a certain maximum amount of energy per unit

length in a given liquid by increasing the neutron energy. Using

the maximum value of dE/dX in a given liquid and an appropriate

value of Y^, one can estimate that temperature below which no

neutrons, however energetic, can induce vapour nucleation. This

temperature is called "inhibition temperature".

Normally lower the superheat state of the sensitive liquid

higher the threshold energy of the neutron to nucleate bubbles.

An approximate threshold energy of the neutron for a given liquid

at a given temperature can be estimated theoretically using

equation (4-) or the same can be determined using monoenergetic

neutrons experimentally.

It is quite interesting to know the energy deposition

mechanism in Freon-12, which is sensitive to thermal neutrons.

The energy required to form a vapour bubble of critical radius r

for Freon-12 at 10"C using equation 13) is found to be 1.2 keV.

The energy depositeed in Freon-12 by the relevant ions formed by

thermal neutrons through an elastic head-on collision is at least

three orders of magnitude less than 1.2 keV and, therefore, the

elastic head-on collision can not be the mechanism of energy

deposition for nucleation. But, Apfel [2*f] observed the

sensitivity of Freon-12 to thermal neutrons and has proposed the

following (n,p) reaction for energy deposition.

-3^C1 + V - - 3 5 S + ,1H (598keV) ...(6)
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METHOD OF MEASUREMENT

If neutrons of energy E and flux f (neutrons/cm /sec) are

incident on superheated drops of total volume V, liuid density £,

and molecular weight M, the vaporization rate XS (event rate) is

given by:

SS = fVcr(En)(Nop/M) ...(7)

Here, ^-(E ) is the effective neutron-nucleus cross-section and

N is the Avogaciro number. Effective neutron-nucleus cross-

section cHE ) [26] is the product of conventional nuclear

cross-section and a factor of (1 -E-p/En), where Ey is the

threshold neutron energy, below which no events are observed. For

a given liquid depending on its nature Nop/M is a constant. Hence

the vaporization rate is written as,

J0=KfV<r(1-ET/En) ...(8)

Here K=Nop/M. From equation (8) it is known that the vaporization

rate for a given liquid and for a given flux of neutrons of

certain energy depends on effective nuclear cross-section <r(En)

and the volume of the liquid. The vaporization rate is

independant of the degree of division of drops and uniformity of

the drop size (except for very big drops) provided that there are

sufficiently large number of drops present in a given volume. The

determination of the total volume of available liquid is

difficult because even if a known volume of liquid is introduced

in the form of drops into the gel, there is finite possiblity of
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some premature nucleation during storage, by mechanical., thermal

or radiation induced interaction. To get the total volume of

superheated drops, the sample is weighed at the begining of the

experiment and then irradiated to an intense neutron field so as

to get rid of all the drops by vaporization. Then the sample is

reweighed. From the difference in weights the volume of the

dispersed drops in gel can be estimated at the given temperature.

Number of drops vaporized in a given sample in a radiation

field can be counted using a piezo-electric transducer. Details

of the transducer, its associated electronics and its function is

explained in another section.

Knowing the total volume of the superheated drops in gel and

vaporization rate of these drops in a given field of known flux,

it is possible to determine the effective nuclear cross-section

using equation (7). For a given flux the response of the detector

is proportional to this effective nuclear cross-section ?r(E ).

Measurement of o-(E ) is straight forward for monoenergetic

neutrons, but not in situations where different energy neutrons

are present such as in the Am-Be or Cf spectrum. For this

type of mixed neutron fields average cross-section for a liquid

can be calculated from

5= = \f(E)<r(E)dE/ff(E)dE ..(9)
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DETLCTOR CHARACTERISTICS

(a) Effect of pressure: Immediately after preparation of the

samples, the samples subjected to pressure above the vapour

pressure of the sensitive liquid for about an hour have greater

stability than the samples without pressurization. This

pressurization avoids the premature nucleation of large number of

drops.

(b) Effect of temperature: Sensitivity of the detector increases

with increase of temperature. Above 35'c the detectors prepared

from Mafron-12 sensitive liquid produce bubbles due to its

thermal instability because it attains a higher degree of

superheat at that temperature.

(c) Fading : Premature nucleation due to heterogeneous nucleation^

sites and thermal variations mostly takes within first two days

after the sample preparation. After one or two days nucleation of

the drops due to background is low ( 8-10 bubbles per day).

(d) Effect of storage time: Samples can be stored in the freezer

for about three months. If the samples are stored for longer

periods then there is coalescence of drops that are settled to

the bottom. This seriously affects the use of the whole sample.

(e) Linear response: The linearity of the response of Superheated

Drop Detectors is experimentally observed for the dose

equivalents ranging from 1 mrem to 20 mrem exposed to Am-Be

source. The response is linear within experimental limits in this
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dose-equivalent range. The response is linear for more than 400

bubbles formed for a typical sample of 0.25 c.c of Mafron-11/12

(50:50). Temperature of the samples during the exposure was about

35"c.

(f) Gamma-ray sentivity: SDD samples were irradiated to varying

doses of Co gamma rays. It was observed that the samples

irradiated for the doses upto 1000 rads have not shown any sign

of nucleation of bubbles.

(g) Detector response: Samples prepared from Mafron-12 and

Mafron-11/12 (50:50) were irradiated to bare Cf source.It was

observed that

bubbles/n/cm /sec/mL

bubbles/n/cm /sec/mL

the

and

response

that of

of Mafron-12

Mafron-11/12

is

is

2x102

6x103
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INSTRUMENT FOR BUBBLE DETECTION

A simple instrument is developed based on the property of

sudden pressure change that accompanies each vapor bubble

nucleation of superheated drops of SDD sample when irradiated by

radiation field. This instrument is highly useful for carrying

out the quantitative tests of Superheated Drop Detectors.

A schematic diagram of the instrument is shown in fig.7.

This consists of (i) Transducer assembly (ii) Sensing unit (iii)

Control unit and (iv) a counter/chart recorder. Transducer

assembly is made for easy handling of the sample in a glass vial.

Piezoelectric transducer (Lead-Titanate Zirconate supplied by M/s

Electrosonica Industries, New Delhi) is mounted on a hollow

cylindrical teflon insulator which is surrounded by a brass

holder. A low tension spring is loaded inside the hollow

cylindrical portion of the teflon insulator. One end of the

spring is in contact with the bottom electrode of the transducer

and the other end is connected to the sensing unit. An annular

copper disc suitably cut is placed on the top of the brass

holder. The copper disc and the top electrode of the transducer

are in the same plane. Electrical contact between the transducer

electrode and the copper disc is made by a silver paint, which in

turn is grounded to the earth (brass holder). A glass vial

containing the sample sits on a piezoelectric transducer. Few

drops of glycerol is used as a coupler to transmit the pressure

pulse from the glass vial to the transducer. Output signal of the
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transducer thjt is obtained for each nucleation event is fed to

the sensing unit through the conducting spring.

The sensing unit consists of an amplifier, high-pass filter,

a differentiator and a comparator. The circuit diagram of sensing

unit is shown in fig.8. The differentiator distinguishes the real

event (nucleation event) which is faster in time compared to the

slower after effects (bubble collapse etc.)

The signal pulse height varies depending upon the drop size

and the degree of superheat of the liquid. The differentiator has

three time-constant settings in the range 0.02-20 ms. It is found

that the setting in the range 0.2-2 ms is optimum. The comparator

circuit establishes the threshold for acceptable pulses. It can

be changed from 10 to 1000 mv by a potentiometer, whose

calibration dial is on the front panel. Events are detected for a

threshold setting of about 30 mv.

The control unit holds all the digital electronics. The

circuit diagram of the control unit is shown in fig.9. Dead time

between vapor-nucleation events for detection can be adjusted in

the circuit between 10 to 100 ms. Usually a dead time of 50 ms is

adequate, because only in very high radiation fields there will

be more than 20 events per second. The circuit is also connected

to a commercially available beeper and LED, giving audible and

visible indications for each event. A TTL output can be connected

to a counter, and a relay switch output can control an event

marker on a chart recorder.
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Table-I

Trade Name of Chemical Boiling Vapour Density
the Sensitive Formula Mol.wt. Point Pressure at 25°C
Liquid <°C) at 25°C (g/cc)

(psi)

Mafron-21 CHC12F 102.92 8.92 26.^26 1.366

Mafron-12 CC12F2 120.9 -29.78 9^.38^ 1.311

Mafron-11/12 CHFC1P/ 120 .H5 23.82/ 59.223 1.389
(50:50) CC12F2 -29.78
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