
FISSION-FRAGMENT ATTACHMENT TO AEROSOLS AND THEIR

TRANSPORT THROUGH CAPILLARY TUBES

Vincent J. Novick, Joseph L. Alvarez, Reginald C. Greenwood

EG&G Idaho, Inc., Idaho National Engineering Laboratory

P. 0. Box 1625, Idaho Falls, Idaho 83415 USA

FISSION FRAGMENT TRANSPORT

Vincent J. Novick
EG&G Idaho, Inc.
P. 0. Box 1625
TRA 652
Idaho Falls, ID 83415

E;H;r£':{ ":J.:Tn'iz.'.TZzz.

-.'«; - •» - ; . - : ; ,K: U , ; , , ,B , ; :G1™

biliiy o

d light;

neniur

rtf>y of
Umled Stales Govern mem.

their employees, makes anv
n^ibilitv lor the accuracy.

01 process disclosed. Of
enct" hnrein 10 any specific

cy Ihereof.

i W i ' K 0? THIS MCilMEHT IS UN

MGt.u



ABSTRACT

In recent years radioactive aerosols have become a topic of

increasing concern particularly in the fields of health and safety.

The transport of radioactive aerosols was studied using equipment,

collectively called the Helium jet, that has been constructed to provide

basic nuclear physics data on fission product nuclides. The transport

of the fission products in the system depends on their attachment to

aerosol particles. The system consists of 1) a tube furnace which generates

aerosols by the sublimation or evaporation of source material, 2) a

helium stream used to transport the aerosols, 3) a 25 ir settling tube

to eliminate the larger aerosols and smaller aerosols that would deposit

in the capillary, 4) a Californium-252 self-fissioning source of fission

product nuclides, and 5) a small capillary to carry the radioactive

aerosols from the hot cell to the laboratory. Different source materials

were aerosolized but Nad is generally used because it yielded the highest

transport efficiencies through the capillary. Particle size measurements

were made with NaCl aerosols by using a cascade impactor, an optical

light scattering device, and the capillary itself as a diffusion

battery by performing radiation measurements and/or electrical conductivity

measurements. Both radioactive and non-radioactive aerosols were measured

in order to investigate the possibility of a preferential size range for

fission product attachment. The measured size distributions were then

used to calculate attachment coefficients and finally an attachment

time. By coupling the attachment time with the transit time of the aerosols

through the capillary, an estimate can be made of the shortest half-life

that could be studied using the current He-jet apparatus.



INTRODUCTION

The transportation of fission products by means of a helium-jet through

capillaries is one solution to the problem of how to get the fission products

out of the hostile environment of a nuclear reactor core or hot cell where

they are created, to a laboratory where they can be separated and studied.

The separations are usually performed by radiochemistry or mass separator

and the resulting elements and isotope are investigated by means of gamma-ray

spectroscopy. The isotopes that can be studied are limited to those that

have a half-life greater or comparable to the time it takes the fission

products to attach to an aerosol and travel through the capillary.

Historically, the fission products were first transported only by

various gasses, usually with very poor efficiency. However, it was found

that some unfiltered gasses and some gasses that spontaneously generated

"clusters" in a high radiation environment yielded substantially higher

transport efficiencies. Recognizing that the fission products were

attaching themselves to the "cluster impurities" which reduced their diffusion

coefficient so they could be carried much further through the capillary,

aerosols were generated and then added to the gas stream to increase the

transport efficiency of the fission products.(7»8>9>10»14) if the gas used

was helium, the system consisting of a pure gas, an aerosol generator and a

capillary, became collectively known as the "helium-jet". The helium-jet

system has yielded reliable and reproducible efficiencies in the 40%-70%

range depending on the type of aerosol used as shown in Table 1. The



efficiency of the system is defined as the ratio of the radioactivity

collected exiting the capillary to the amount of radioactivity collected

by direct impaction of the fission fragments on a foil placed directly

over the source.

SYSTEM DESCRIPTION

The helium gas jet system used at the Idaho National Engineering

Laboratory (INEL) detailed in figure 1 begins with helium flowing through a

tube furnace containing the aerosol production material, usually NaCl, that

is heated to a temperature that will produce a vapor pressure of about

10 torr. The tube furnace is operated at a temperature of 600°C-650°C
_o

in order to obtain a vapor pressure at 10 torr for NaCl. The aerosol

loaded helium stream is then transported to a chamber containing a

Californium-252 source. The chamber is maintained at a pressure of about

two atmospheres, 19 psig, in order to slow down and thermalize the energetic

fission products produced by the spontaneous fission process in Californium-

252. This allows the fission products to have a higher probability of

attachment to the entrained aerosols. The aerosols, now carrying the

fission products, are exhausted from the chamber through a capillary

where laminar flow conditions are established so that wall losses are

kept to a minimum. The capillary exits into a vacuum chamber where the

radioactive aerosols are either collected on a substrate for radiochemical

separations or injected directly into the ion source of an isotope

separator. A schematic of the floor plan is shown in figure 2. The

radiochemical separations require a 25 m long capillary terminating in



a vacuum chamber in the radiochemistry hood. The pressure inside the

chamber is maintained at about 7 torr. The aerosols exit the capillary

at sonic velocities and impact on a section of magnetic tape positioned

at 5 mm from the end of the capillary. Magnetic tape is used only for

convenience. The reels of magnetic tape allow the use of an automated

tape-pull system which decreases the time needed to perfrom the chemical

separations. The aerosols and fission products are collected on the

tape for a preset period of time producing a visible spot. The segment

of tape containing the spot is then passed through a vacuum seal and into

an area, where the spot is washed off of the tape. Elements of interest

can then be separated from the resulting solution of gross fission products

using on-line chemical separation techniques such as ion exchange^ '

or liquid-liquid extraction by means of a mixer centrifuge. * ' '

The isotope separator requires a 10 m long capillary coupled to

a Sidenius-type hollow cathode ion source. Figure 3 shows the capillary

entering the skimmer chamber and positioned about 5 mm from the first

skimmer. Two flat-plate type skimmers are used with orifice diameters

of 1.5 mm and 3.0 mm respectively. The angle of divergence of the lighter

helium gas is greater than the divergence of the aerosol beams. This

results in the skimmer passing most of the beam of aerosols with fission

products into the ion source while "skimming" off most of the helium.

Thus, the pressure achieved in the ion source region is sufficienty low

to permit normal operation. The aerosols have a half-angle divergence of

about 3° after exiting the skimmer. The ion source was dimensioned so



that all of the aerosols exiting the secons skimmer would enter the plasma

region of the ion source. '

The aerosols are produced in the same manner for either isotope

separation or radiochemistry. NaCl is vaporized in a tube furnace at

600°C with a helium flow rate at 40 cc/sec. The tube furnace and source

chamber are connected by a 25 m 6.35 mm I. D. tube which is used as a

particle filter to remove aerosols less than .003 u and larger than 5 u.

The percent transmission of the number of aerosols as a function of size

is given in figure 4. Capillaries nonnally used for transportation of the

radioactive aerosols out of the source chamber are either .86 mm, 1.35 mm,

or 1.57 mm, the larger capillaries being used for longer transmission

distances. These conditions allow enough aerosols of the proper size

range to yield transport efficiencies between 50-60%, while keeping the

mass loss small enough so the capillary can be used for long periods of

time without significant deposits forming on the walls, which would

disturb the laminar flow and reduce the transport efficiency. Recently,

a 25 m 1.40 mm I. D. capillary was used over 500 hours for more than

a year without a problem.

This system allowed the identification of the gamma rays of the

isotopes Samarium-158^16) and Palladium-113, 114, and 115^15^ for the

first time. Since we would like to identify and study fission product

isotopes with half-lives as short as a few seconds, the question arises,

how short of a half-life can be seen using the current design of the

He-jet. The answer depends on the transit time through the capillary



*

plus the time it takes for the fission fragments to attach to the aerosols

in the source chamber. Assuming that the aerosols are moving at the velocity

of the helium, the transit time in the capillary, while keeping the volumetric

flow rate a constant, ranges from .09 sec for a 6 m long .86 mm diameter

capillary to 1.5 sec for a 30 m long 1.59 mm diameter capillary. The

attachment time, on the other hand, can only be determined if the size and

the number of particles are known. In addition, the number and size of

the particles are important quantities for understanding and optimizing the

operation of the skimmer and ion source assembly on the isotope separator.

EXPERIMENT PROCEDURE

1. Aerosol Transmission

Various measurements were made in order to determine the number

and size of the NaCl aerosols normally produced by the He-jet. First,

a Royco Model 225 was used for measuring the number of particles by

measuring the amount of scattered light from the aerosols. The aerosols

were sampled after the delay line and before the source chamber.

The Royco 225 yielded two significant pieces of information:

(1) The vast majority of aerosols generated at 600°C were

smaller than .3 u, the lower limit of the analyzer and,

(2) the number of aerosols greater than .3 y increased by

by a factor of almost 103 between 600°C and 700°C. Assuming

that the smaller size aerosols were increased by similar



factors, this result could explain the reduced efficiency due to

to significant deposition of material in the capillary that

was evident when the tube furnace was operated above 600°C for

any length of time.

Since the Royco 225 could not yield any information below .3 p,

the experiments were performed with a 10-stage cascade impactor Model 220

manufactured by Sierra Instruments, Inc.

The impactor experiments were performed under different conditions

that were chosen in order to vary particle size and number distribution.

The tube furnace was operated at 600°C which gives high activity transport

efficiency but low mass transfer. This is the normal operating temperature

for the He-jet system. The tube temperture of 660°C was chosen because

this temperature produced the highest activity transport efficiency and

did not reduce the transport efficiency of the capillary when operated

less than 30 hours. Experiments at both temperatures were performed

with and without a coagulation chamber which measures approximately
-2 32 x 10 m . The purpose of the coagulation chamber, from here on called

the ballast for simplicity, was to provide a largs volume which would

increase the aerosol residence time allowing the aerosols to coagulate

creating larger size distributions with respect to the no ballast

experiments. The ballast was placed after the tube furnace and before

the delay line filter so that if the coagulated aerosols became too

large they would gravitationally settle out before reaching the source

chamber and capillary.



The masses of salt collected on the impactor stages could not be

weighed by balance even though deposits were usually observed. A

procedure was developed that made use of the conductivity change of a

solvent with changes in salt content. Distilled and deionized water was

found to be unsuitable for conductivity measurements because of the

instabilities and non-reproducibility of the measurements. Reagent grade

methanol was found to be suitable for the mass concentrations involved.

The calibration curve of mass of salt per unit volume vs. resistance

reading shows that the technique is sensitive down to 2 x 10" g/ml. The

instrument required at least 20 ml in order to produce accurate readings.

This means that 4 x 10 g is the lower limit to the mass measurements.

After determining the mass of salt on each stage, the cumulative percent of

mass was plotted against the aerodynamic cut diameter, d5Q, on log probability

paper as in figure 5.

In addition NaCl aerosols with attached fission fragments were

also collected by impactor. The total amount of beta and gamma activity

on each stage was measured by a Model HP 260 G-M counter. The total

number of counts were measured one hour after the end of the collection

for a period of one minute. The comulative percentage of total activity

on each stage was plotted against the 50% aerodynamic diameter cut

point for that stage on a log probability graph as shown in figure 6.

2. Aerosol deposition

The amount of salt and radioactivity deposited in the capillary

was measured in order to determine a penetration fraction as a function



of distance through the capillary. In both cases, 6 m of .86 mm I. D.

capillary were used with the same aerosol generation conditions described

previously. Experiment operating times between 10 hr and 15 hr were

required for sufficient salt to be deposited in the capillary. The 5 m

capillary was sectioned into three 2 m lengths. Each section was washed

with 6 ml of methanol and changes in conductivity measurements were made

as described previously.

The deposition of activity was measured after 5 hours of operation

through the capillary. The capillary was again sectioned into three

2 m lengths. Each section was rinsed with 2 ml of methanol. The resulting

solution was gamma counted on a Ge(Li) detector. The ratio of the

radioactivity deposited in each section to the total radioactivity

entering the capillary was determined by measuring the Neodymium-149

gamma-ray intensities.

RESULTS

1. Impactor size distribution

To determine a probable size distribution for each experiment, the

impactor data log-probability plot was linearly extrapolated to particle

sizes smaller than .12 p. A linear extrapolation is reasonable if a

log normal distribution or superposition of log normal distributions is
(20 21 22)assumed.v ' ' ' The mass median aerodynamic diameter, d1, and the

geometric standard deviation, a , are determined from the graph. With



the assumption of a log norma', distribution, a line parallel to the

mass can be constructed representing the number distribution^ *0'

by means of the equations

Ind = lnd + 1.5 I n s

lnd = lnd + 1.0 ln2a
« y y

lndm = lndg + 3.0 ln
2ag

lnd^ = lnd + 2.0 ln2a

where d is the diameter of average mass, d is the number median

diameter, d, is the diameter of average area, d' is the mass meana m

aerodynamic diameter and d' is the area mean aerodynamic diameter.
a

This number distribution is then modified by the delay line filter

transmission curve (figure 4). This final number distribution agrees

with both the impactor data and the fact that no aerosols smaller than

.003 u remain entrained in the helium stream upon entering the capillary.

The resulting distributions for all cases are similar and can be
described by a number median aerodynamic diameter of .01 n, a geometric

7 3
standard deviation of 2.6 and a number density of 10 particles/cm .
Individual results of the experiments are given in Table 2.

2. Size distribution from diffusion

A series of curves were generated describing the penetration

fraction of aerosols through the capillary as a function of distance



(12 131for theoretically monodisperse aerosols using the equation*1 ' '

F = .819 exp(-3.65a)

+ .097 exp(-22.3a)

+ .027 exp(-123a)

+ .025 exp(-7500a)

where a = diffusion coefficient x i x length * volumetric flow. Figure 7

shows that the results of the actual penetration fraction as a function as

a function of distance was plotted on the same graph. A precise

determination of particle size using this technique is not possible

because 1) the NaCl aerosols are polydisperse and 2) the length of

capillary was only long enough to allow betwen 25% and 35% of the

aerosols to be lost by diffusion. However, an estimate of the size can

reasonably be made since all measured penetration fraction curves fall

in the narrow size range between .006 p and .012 u giving an average

of .008 v for the number median diameter. As expected, this value

is less than the number median diameter of .01 calculated from the

impactor data, since the impactor only measured aerosols that had penetrated

the capillary and not the aerosols entering the capillary.

CONCLUSION

The size and number of aerosols determined by experiment allow the

attachment coefficient to be calculated by the equation' ' '

A - ,%- v I

10



where A is the attachment coefficient, d is the number median diameter,

\7 is the average velocity of the fission fragments calculated by

(KT/2 M ) 1 / 2 , h = -^ where D is the diffusion coefficient of the fission

fragments and N is the number density of aerosols. Assuming the fission

fragments have been thermalized, v is calculated to be 5.5 x 10 cm/s

for an average fragment with mass 130. The diffusion coefficient is

-? 2 {l &)
estimated to be between 3.6 x 10 and 5.0 x 10 cm /s.v ' ' The attachment

coefficient is then calculated to be between .01 sec" and .36 sec .

The time required for 50% of the fragments to attach to aerosols is

Tl/2 ' T

Using the values for A from Table 2, attachment times between 2 sec and

10 sec are to be expected using the current design of the helium-jet

system. Combining the attachment of less than 10 sec with the transit

time of 1.5 sec means that isotopes with half-lives on the order of

11.5 sec should be detectable. Future experiments will devise methods

to measure isotopes with half-lives of about 11.5 sec.

11
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Aerosol Development for
Gas-Jet Transport

Aerosol Type

NaC!
AgCI
Ag

Cd**
Te

Production
Temperature

651
595

1162
331
360

Collection
Efficiency*

69
58
61
41
59

* Helium carrier gas at a flow rate ^ 40 cmfys at STP was used
for all experiments.

** Behavior was erratic with regard to best operating temperature.
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TABLE 2

Aerosol Generation Condition

Mass collected by Impactor

Calculated number median aerodynamic
diameter d

y
from mass data
from a c t i v i t y data

Average

Calculated diameter of average
mass dm

Geometric standard deviation a

Number of part icles/cm3

N

Attachment coef f ic ient
A

Time required for 50% attachment T , / 2

3.0

2

1

3

600°C

x 10"5g

.009 y
—

.009 y

.03 y

.4

.5 x 107

.2 sec"1

.3 sec

600°C Ballast

3

2

3

9

.4 x 10"5g

.001 y

.008 u

.01 y

.05 y

.7

.6 x 106

.07 sec"1

.9 sec

660°

25

•

•

.

2.

2.

•

1 .

C Bal last

x 10"5g

01 y

01 u

01 y

05 u

7

1 x 107

36 sec"1

9 sec



r
az

€ 3

CO

C

»
c:

so .
. » •

2"

a)•S3

•sa

o
TO US^»

3S

3 1

• * =

i'J

5C

as

as

a:
c

1L
\7/S\ •



Mass separator lab Counting lab

Gas transport capiiiary inside
Istainless steel containment conduit

Radtochemistry lab

A!'

INEL-A-13 691



\QH SOURCE TEST SYSTEM

extraotorTfi"!
[-12J^V|_ J

To root*
(310 U») - Beam formation

chamber

-Vacuum
interlock

Vacuum (J:

Hlrs! skimmer

Second skimmer

Foil liner

p g 0
Ntf"* I V -$Q f A'0°n" I
ki-i I. I «r- •

To diffusion pump
(1400 L )

Collection
M l holder S u p p o r t Q - ,

Valve

Needle valve

Rotameter«i—~ffi" —•*! Tube furnace ~% I I T M 0 l 8 I T

j r . r~ ~-—i... t J, 9 r
L i—J^aC! loaded tub4 <5g—SJi"-a—'*-T Helium ]

GO chsrnl:flf

I loaiifd tubol- ^



Percent Transmission vs
Particle Size
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Impactor Activity
Distribution
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Mass Fraction Through Capillary
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