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INTRODUCTION

Superheated Drop Dosimeters (SDD) offer a sensitive, immediate measure of the neutron dose

equivalent, but their dynamic range is limited and their response varies with temperature, pressure, and

vibration. They contain thousands of superheated liquid drops in a stabilizing matrix. High linear energy

transfer (LET) radiation triggers vaporization of the drops into visible bubbles. If the matrix is a liquid,

the bubbles slowly rise, and the number present indicates the dose rate. Dose may be measured by

displacement of the matrix, or by counting the sounds of vaporization. If the matrix is a gel, the bubbles

are fixed, and their number is proportional to the dose equivalent. Our research has focused on modeling

and elimination of the environmental response, extension of the dynamic range, and tests and evaluations

of prototype devices.

THERMODYNAMICS OF BUBBLE FORMATION

Bubble dosimeters work because the superheated drops are vaporized by a small energy input.

However, that energy must be deposited within a very small volume. Vaporizing this "critical volume"

produces a "critical bubble" of the minimum size which will grow until the entire liquid drop becomes

a vapor bubble. To illustrate the relative sizes of the drops and bubbles, imagine that the critical liquid

volume were the size of the Earth, then the critical vapor bubble would be four Earth diameters; the

liquid drop diameter would be the size of Earth's orbit, and when vaporized the bubble would fill

Jupiter's orbit.

Bubbles smaller than the critical bubble will collapse. Figure 1 illustrates the process of vapor

initiation. The proton carries most of the energy, but only the recoil ion has sufficient stopping power

(energy deposited per unit length, dE/dX) to produce a critical bubble. The variation of the dE/dX

required with temperature is shown in Figure 2. We have verified the predicted inhibition temperatures,

below which no bubble can be formed, for: Freon-12 TM, Freon-114 TM, and Isobutane at 10, 20, and

15°C, respectively.
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Earlier studies accounted for only a few percent of the energy of bubble formation, and required a

large, temperature dependent, efficiency factor lAp 85]. Later studies were more complete [Lo 88]. Our

model, as shown in Table 1, needs no efficiency factor. The threshold energies, determined by the

thermodynamic work required to produce a critical bubble, are 16,707, and 60 keV, at 20, 25, and 23 °C

for Freon-12 TM, Freon-114 TM, and Isobutane, respectively.

The stopping power must be sufficient to deposit the threshold energy in the critical drop. Thus,

gamma-rays can produce no bubbles in SD neutron detectors. We computed dE/dX by Ziegler's

TRIM-90 code, which includes electronic as well as nuclear effects and produces the energy spectrum

of the recoil ions. We select only that part of the spectrum exceeding the threshold energy to compute

the response shown in Figures 3 and 4.

Most SDD response is to neutron scattering, but SDDs based on Freon-12 TM have a 16 keV

threshold and measure low energy and thermal neutrons by the (n,p) reaction illustrated in Figure 1,

giving the response shown in Figure 2. This may account for the low energy response observed in

BD-100 but not in other SDDS. See Figure 5 [Sc 90].

THE TEMPERATURE PROBLEM

A superheated drop's vapor pressure is resisted by the surface tension of the surrounding medium.

As temperature rises, so does the vapor pressure, while the surface tension falls. The fall in threshold

energy with increasing temperature gives an apparent rise in sensitivity, as shown in Figure 6. We apply

a temperature correction to the sensitivity, but this is not exact, as the apparent change of sensitivity with

temperature depends on the neutron energy spectrum.

Devices which apply a compensating pressure that increases with temperature work, as seen in

Figure 7. However, they add size, cost, and complexity to a small, inexpensive, simple system.

Keeping the temperature constant is the best solution. Many radiation work environments are air

conditioned. For the others, we are building a thermoelectric heating and cooling system. See Figure 8.

The Thermoelectric Heat Pump

A heat pump transfers more heat than the power required to drive it, resulting in a coefficient

of performance (COP) greater than one. Power requirements were determined for a BD-100R dosimeter

and unit couple with the properties shown in Table 2. The voltage required for the maximum COP varies

with temperature. Selecting three fixed voltages provides a good compromise between complexity and

efficiency. For cooling the unit should switch from 0.01 to 0.04 volts when the temperature rises above

84°F, see Figure 9. The required cooling and battery power are shown in Figure 10. For heating, the

unit should switch from 0.01 to 0.02 volts when the temperature falls below 50°F. The COP and power

requirements for heating are shown in Figures 11 and 12. Cooling requires three unit couples, while
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heating requires two. A 9 ounce 8 cubic inch Ni-Cd battery could power the dosimeter for various

periods, depending on the temperature:

28 days, if the temperature is 60 or 70°F.
A week, at 50 or 80°F

At the limiting temperatures; 32°F, 34 hours, and 118°F, 8 hours.

DEVICES TESTED

Bubble Technology Industries [1]

BD-100R: The superheated drops are retained in a polymer and counted either by eye or a video

system. Bubbles can be re-compressed for re-use by applying external pressure. The material can be

made in special shapes, for example, an extremity monitor. Our tests involved the test tube shape, a half

inch in diameter and 3 inches long (Figure 13) [Ri 88-1].

BDS-SPECTROMETER: This comprises six threshold detectors. A set of thirty six tubes

containing three each of six different compositions with neutron energy thresholds nominally from 10 to

10,000 keV [Ing 88].

Apfel Enterprises Inc. [2]

Active Personnel Neutron Dosimeter (APND): The saturated drops are contained in a liquid, and

the resulting sound is acoustically counted, Figure 14. Cartridges of active material are replaced when

sensitivity declines.

Area/Spectrum Monitor (A/SM): Two channel versions of the APND. Cartridges are available

with different neutron energy thresholds to aid in spectrum analysis. These were produced for NSWC

to monitor the dose and to estimate energy dependent errors in our personnel dosimeter [Ri 88-2].

Pen Type: The drops and matrix are in a small syringe, and the dose is read from the

displacement. Since the bubbles take about a half hour to rise from the matrix, the number of visible

bubbles is a measure of the dose rate. This prototype device, produced for NSWC, led to a displacement

device using the standard APFEL TM cartridge, and to a "Neutrometer" available in various sensitivity
ranges.

RESPONSE VS DOSE AND TIME

BD-100R: In a reusability test, dosimeters maintained their sensitivity for 40 days, made up of

24 dose and recharge cycles, Figure 15. The total dose delivered was nearly 400 mrem.
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In a simulated 68 day issue cycle, they retained 85 % of their initial average sensitivity, but began

to loose repeatability between day 19 and day 34, Figure 16. They were then recharged, but not ali

bubbles could be cleared. The average sensitivity, measured on the 72nd day, was 60% of the initial

sensitivity, but the spread in results had doubled [Ga 91]. This cannot be called bad, as they are designed

for daily reading and recharging. These tests include the nominal 100 and 1500 kev Threshold tubes

from the spectrometer set, because they are used in a "Combination Dosimeter" with an albedo TLD
(Liu, 89).

APFEL TM A/S Monitor and APND: Results of a 100 day, 165 mrem test are shown in

Figures 17 and 18. The test included a transcontinental flight while activated. Efficiency fell to 85 %,

as one would predict from the dose delivered. Efficiency corrected for dose did not change with time.

DYNAMIC RANGE

The range from the lower limit of detection to the maximum dose is proportional to the maximum

number of bubbles that may be counted. SDDs contain thousands of sensitive drops instead of billions

of sensitive atoms, so effects that are small in ordinary dosimeters, such as change in sensitivity with dose

and limitations on dynamic range become important.

BD-100R: Gel matrices retain the bubbles, so the dynamic range is limited by the maximum

number of stored bubbles which may be counted. Visually, accuracy is lost between 42 and 100 bubbles.

A simple video system saturates at about 300 bubbles. We expect to count 1,000 bubbles with a three

dimensional video system which uses artificial intelligence to recognize bubbles and reject other images.

APFEL TM A/S Monitor and APND: The matrix determines the dynamic range of the dosimeter.

Liquid matrices allow the bubbles to leave, so they can have a good dynamic range, but their life ends

when too few drops remain to provide the required sensitivity:

@ 80 % of initial efficiency - 6,000 Counts

@ 50% of initial efficiency - 15,000 Counts

LOST DATA AND LARGE DOSES

In all SDD systems, the dose may be read by determining the number of drops, or sensitivity

remaining in a dosimeter. The equation of Figure 17 shows that dose may be calculated, given the initial

and final number of drops (No and N), or the initial and final sensitivity (k'No and k'N). Dose equals
the negative log of either ratio. Table 3 and Figure 19 show the results of this calculation. The error

in the dose depends on the repeatability of the decimeter, the fraction of drops remaining (F), and

whether F is determined by sensitivity (S) or by N, since sensitivity is less precisely known than number

of drops. There is a fixed error and a proportional error. The error approaches the repeatability,

typically 20% for BTITM and 5% for APFEL TM, at large doses.
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OPERATIONAL TESTS IN AN AIR CONDITIONED WORK ENVIRONMENT [Ri 91]

Procedure

We followed the ISO standard [ISO 78] for testing personnel dosimeters, and we compared the

bubble system's response with: LiF TLD albedo neutron dosimeters, CR-39 neutron track dosimeters,

Bonner multi-sphere spectrometers, remmeters, a NE213 TM neutron spectrometer, a tissue equivalent

proportional counter (TEPC), and an TLD Area Monitor [Ri 88-3].

BTITM BD-100R and BDS-SPECTROMETER: Thirty BD-100R tubes and 2 spectrometer sets

(thirty six tubes each) were used for three cycles: clear, read, expose, and read, for a total exposure time
of 50 hours.

APFELrM: Five monitors using the standard cartridge and six prototype pen devices were

exposed continuously for eighty hours, and read nine times during the exposure.

Reproducibility (Repeatability)

The standard deviation (SD) divided by the mean of repeated tests was less than 20% for the
BD-100R @ 18%, the BDS 1500 @ 12%, and the APND and A/SM Monitors @ 6%. The BDS 100

keV is marginal at 24%. The dose was too low for valid tests of the PEN and BDS-10000. The other
BDS tubes exceeded 40%.

Batch Uniformity

This is the probable error in using a single efficiency for a batch of detectors. The BD-100R,

at 46%, requires individual calibration. The acceptable devices are: The BDS-100 @ 15%, the BDS 1500

@ 12%, and the APND and A/SM @ 4%.

Lower Limit of Detection (LLD)

The LLD equals 1.96 times the SD divided by the square root of the number of detectors in the

test. The LLD, in mrem was: BD-100R, 1.2; BDS-100, 1.7; BDS-1500, 1.2; APND & A/SM, 0.5.

Comparison with other Devices

Ali of the dose equivalent devices (APND, A/S Monitor, Pen, BD-100R, BDS-100, TLD Area
Monitor, SNOOPY, BMS, TEPC, and NE-213 read were between 0.7 and 0.4 mrem/Hr. This is better

than one would expect, since each is calibrated in a different way. NE 213 and the TEPC read about 0.4

mrem/Hr, as may be expected, since the spectrum is rich in low energy neutrons which they do not
measure. The CR-39 read about 0.25 for the same reason. The LiF albedo dosimeters read low because

they are calibrated with DzO moderated Cff_z, and the spectrum is also rich in fast neutrons. The energy

correction for this spectrum raised their reading to 0.5 mrem/Hr.
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COMPARISONS @ 14 MeV

BD-100R dosimeters were compared with calculations, scintillation spectrometers, tissue

equivalent proportional counters, remmeters, neutron track and albedo dosimeters. The systems had

various calibrations, as shown in Table 4. For comparison, the response to Cf-252 was measured in the

same room. Taking the MCNP calculation as the standard, the BD-10OR response was the most correct.

THE NAVY SDD PROGRAM

The program is aimed toward devices which may provide a small spectrometer, DT 648 energy

correction, an area monitor, and a neutron dose equivalent dosimeter to complement the laser heated

TLD. The state of the program may be compared favorably to TLDs in their first decade.

PRACTICAL APPLICATIONS

Do SD dosimeters have any utility? Obviously YES, because they are being used as self reading

dosimeters at nuclear reactors, to map accelerator beams, as diagnostic tools for experimental neutron

gencrators, and in space. However, they are too fragile to be relied on as a primary dosimeter in routine
use.

Properly used, they can be our most accurate measurement of dose equivalent. Some applications

for a small, accurate, dose equivalent (or threshold) detector with immediate readout are:

Man-rem reduction - to learn which operations produce the major doses

Albedo Dosimeter energy correction, as in the Combination Dosimeter

Measuring small Neutron doses in intense Gamma-ray fields

Mapping dose distributions in beams or phantoms

Self monitoring and/or daily monitoring
Remote sites which have no reader for conventional dosimeters

CONCLUSIONS

SDD dosimeters can supplement more conventional dosimeters in tasks requiring small size, dose

equivalent response, or immediate results.

APFELrM: The Active Personnel Neutron Dosimeter and Area/Spectrum Monitors are precise

and sensitive, but since they incorporate an anti-coincidence circuit to eliminate acoustical noise, a dead

time counter will be required before they can be used for personnel protection.

BTIrM: The BD-100R meets the 20% criteria, provided that each tube is individually calibrated.

Of the BDS spectrometer set, only the 100 and 15OO keV compositions gave consistent results. They

are candidates for energy correction of the albedo dosimeter.
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Figure 15

BTI TM BD-100-R Response VS Time
(Test spans 40 days)
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ApfelTM Efficiency VS Dose
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TABLE 1

EVALUATION OF BUBBLE FORMATION ENERGY

FOR TYPICAL NEUTRON BUBBLE DOSIMETER LIQUIDS
,,, ,,

Theory: Minimum energy required to form bubble of critical radius (r_) is provided by charged recoil

particles from neutron interactions [Seitz, Phys. Fluids, 1,2 (1958)!
.....

Liquid Freon- 12® Freon- 114° Isobutane

Chemical Formula CC 12F2 C2C12F4 C4H 10

Boiling Point *C -29.8 3.8 -11.8
,,,

Temperature *C 20 25 23

Saturated Vapor Pressure atm 5.6 2.1 3.3
, ....

Pressure Drop atm 4.5 1.1 2.3

(vjPk-Pl = 1- _ (P--PI)

Surface Tension dyn/cm 9.7 12.0 11.2

(o)

Radius of Critical Bubble cm x 10.6 4.28 21.6 9.75

Rc=2 o
P -t' 1

Minimum Reversible Work (Gibbs) kev 0.46 14.6 2.78

Surface Free Energy kev 1.39 44 8.33

tVs =4nr_o

.....

kev 5.15 109 23
• 2,.,do

Ws_ = -4 g rc l -d_

Vaporization Energy kev 9.35 527 27

Expansion Energy kev 0.21 27 2.5
4 3

Wt_rcP 1

,,

Total Bubble Formation Energy
kev 16 707 60
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TABLE 2. Properties of the P and N type materials used for the thermoelectric heat pump.

P-Type N-Type

Seeback Coefficient 0.0002 -0.00016 V/K

Resistivity 0.001 0.00105 fl cm

Figure of Merit 0.0034 0.002 I/K

Thermal Conductivity 0.0118 0.0122 W/cm
Cross Sectional Area 0.993 K

Length 1.000 1.000 cm2
1.000 cm
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TABLE 3

ERROR IN DOSE RECONSTRUCTION

N = # of Superheated Drops

S = Sensitivity, Bubbles/mrem
S = kN, So k = So/No
F at Dose D = N/No = S/So

So: D = - In(F)/k 5: SQRT (err k^2 + (err F/D/k)"2)

Error in dose depends on the repeatability of the dosimeter, the fraction of drops

remaining (F), and if F is determined by N or by S.

ERROR IN K = 20 % 20 % 5 % 5 %

ERROR IN F = 20 % 28 % 5 % 7 %

F D-t-by D+by D+by D+by
D,mrem

1.00 0.00 (N/No) (S/So) (N/No) (S/So)
0.90 10.54 191% 269% 48% 67%

0.80 22.31 92% 128% 23% 32%

0.70 35.67 60 % 82 % 15% 20 %

0.60 51.08 44% 59% 11% 15%

0.50 69.31 35% 45% 9% 11%

0.40 91.63 30% 37% 7% 9%

0.30 120.40 26% 31% 6% 8%

0.20 160.94 24% 27% 6% 7%

0.10 230.26 22 % 23 % 5 % 6 %
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TABLE 4

RELATIVE DETECTOR RESPONSE

Cd COVERED, NORMALIZED TO MCNP

DETECTOR TYPE 14 MeV Cf-252 CALIBRATION

MCNP CALCULATION 1.00 1.00 FOILS

TEPC PROPORTIONAL COUNTER 1.43 1.05 - - -

NE-213 SPECTROMETER 0.65 1.66 - - -

AN/PDR-70 REM METER 0.55 1.06 Pu-Be

CR-39 TRACK DOSIMETER 1.14 1.39 Cf-252

L2F TLD PHANTOM .........

LiF TLD AREA MONITOR 0.58 0.95 Cf-252

LiF TLD LARGE LUCITE 0.16 0.53 D20-Cf

LiF TLD SMALL LUCITE 0.16 0.45 D20-Cf

LiF TLD NONE 0.02 0.03 D20-Cf
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