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ABSTRACT

Hot particles consisting of activated metal debris and fuel fragments
have received increased attention in the last five years. This increased
attention resulted from the increased use of more sensitive whole body
"friskers" at nuclear power plants, the relatively high local skin doses
associated with the particles, and skin dose limits that were established
before hot particles became a problem and before radiobiological effects
data for the particles became available. The skin dose distribution and
biological effects associated with hot particles differ from those
associated with more uniform skin contamination and differences exist in
the scientific community as to which effects should be protected against
by a limit on exposures from particles. The NRC staff recognized the need
for provisions in the Federal regulations specific to hot particle
exposures and requested guidance from the National Council on Radiation
Protection and Measurements (NCRP). NCRP Report No. 106 was provided to
the NRC early in 1990. The International Commission on Radiological
Protection (ICRP) is also developing recommendations for limits on exposures
from hot particles. The NRC is supporting research on hot particle effects
and will likely develop a rule for hot particle exposures.

INTRODUCTION

It is the purpose of this paper to provide to the reader the informa-
tion necessary to an appreciation of recommendations and requirements
concerning hot particle exposures and the NRC's on-going efforts to
implement existing recommendations in an effective and circumspect manner.

"Hot particles" have certainly existed in the work environment for
several years, but have received greatly increased attention in the last
five years. A great deal of this attention has been devoted to skin dose
limits. However, before discussing recent hot particle radiation exposure
recommendations for the skin and possible regulatory changes, a little
background may be in order as a basis for establishing a perspective on
this issue. This background review will include the nature and history of
hot particles, the effects of hot particle radiation on skin, and current
NRC dose* limits. The possibility of a rule change, and the need for

"Dose" will be used throughout as synonymous with "dose equivalent"
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information as a basis for a rule change, will be discussed within the
context of recommendations and standards. On-going and future research
related to a "hot particle rule" will also be discussed.

HOT PARTICLE CHARACTERISTICS AND SOURCES

Characteristics:

Hot particles are small (usually microscopic) particles of radioactive
material of high specific activity. Although the radioactivity of most
such particles is small (a few microcuries or less),* the dose delivered
to the skin from the more highly radioactive particles near or in contact
with the skin can exceed current regulatory limits in a short period of
time; i.e., hours or minutes.

Sources:

Hot particles result from activation of particles generated by
maintenance, repair and wear processes in valves, bearings and other nuclear
power plant components and, in some cases, from fragments of leaking fuel
assemblies.** Activated wear particles commonly contain cobalt-60.
Activated debris from maintenance and repair (e.g., grinding, lapping) may
contain several radionuclides. Fuel particles will contain a variety of
fission products. Hot particles are dispersed throughout the primary coolant
system as well as some secondary systems as coolant is circulated and
processed by these systems. Dispersal outside these systems is enhanced by
operations such as fuel consolidation and reconstitution in which individual
fuel assemblies are worked on and individual fuel pins that may be leaking
or have particles adhering to them are disturbed. Although some particles
emit all three of the well-known types of radiation; i.e., alpha, beta and
gamma, the risk associated with such a particle on or near the skin is
associated primarily with its beta emissions. Information provided by the

* There are, of course, exceptions. One piece of debris of more than
sixty-four mi H i curies with a largest dimension of more than four-tenths
of one centimeter was found on a worker's clothing. For a more detailed
description of hot particles, ^ee EPRI 1988, EPRI 1989, Bray et <il.
1987 and Warnock et al. 1987.

** Although the current hot particle problem is centered at operating
power reactors, the presence of highly radioactive particles at licensed
non-power reactor and materials facilities cannot be ruled out.
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nuclear power industry indicates that most operating nuclear power plants
have experienced hot particles (EPRI 1988).

The upsurge in hot particle problems correlates with the nuclear power
industry's increased utilization of high-sensitivity whole body personnel
contamination monitoring systems ("friskers") since the mid-1980s.

Hot Particle Dose Rates and Dose Distribution:

Table 1 s>!̂ ws dose rates for point sources of a few radionuclides.
The figures in the table are for illustrative purposes only - to provide a
rough idea of the way in which dose varies from one radionuclide to another.
Obviously, real hot particles are not "point sources." The physical size
of the particle and its density can have a major effect on the dose to
skin per contained microcurie of radioactivity.

Table 1. One microcurie point source dose rates averaged over one
square centimeter at seventy micrometers tissue depth. From computer
code VARSKIN (NRC 1987).

Radionuclide Dose rate (rad h-1)

Cobalt 60 4.1
Fuel particle* 4.5
Cesium 137 6.4
Strontium/Yttrium 90** 8.0

* Two month old particle (Bray et al. 1987).
** One-half microcurie each of strontium-90 and yttrium-90

Figure 1 from a paper by Charles (Charles 1990) provides a simplified
depiction of a cross section of human skin. With respect to radiation
damage, the depth of the bulb of the hair follicle (about 1 millimeter),
is important since skin regrowth to recover a denuded area can occur from
a reserve of spared basal layer cells at the bulb. The blood vessels
provide oxygen and nutrients and are important to repair processes. Although
not shown in the figure, blood vessels are found in the reticular dermis
below the basal layer in the region where the hair follicle is shown.

This figure also shows how rapidly tissue dose falls off with depth.
A curve for cobalt-60 betas would fall just below the curve for
promethium-147 and the curve for cesium/barium-137 would fall between the
cobalt and thulium-170 curves. The maximum range of cobalt-60 betas is
about eight-tenths of one millimeter in tissue. Virtually all of the
damage from cobalt-60 betas would occur within the first one-third of a
millimeter of skin. For strontium/yttrium-90 the maximum beta range is
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about eleven and one-half millimeters in tissue with essentially all damage
occurring in the first five millimeters of tissue. Cesium/barium-137
betas with a maximum range of about one and six-tenths millimeter would do
most of their damage in the first nine-tenths of a millimeter of tissue.
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Figure 1. Schematic cross-section of human skin and depth doses from
three beta-emitters used in animal studies. The depth dose from 15 keV
X-Rays is indicated for comparison. (Charles 1990)

In other words, the cobalt-60 betas would deposit much less energy at the
basal layer than would cesium/barium-137 or strontium/yttrium-90 batas.
And cobalt-60 betas would do very little damage to the blood vessels in
the dermis while about sixty percent of the Sr/Y-90 betas would penetrate
beyond one millimeter to reach this part of the skin. The higher energy
beta particles will also affect more of the deeper basal layer cells
surrounding the hair follicles that are important to skin regrowth.

The point is that the energy of the beta particle is an important
consideration since the type and extent of damage (discussed below) to the
skin is highly dependent on the ability of the beta particle to reach the
critical areas (e.g., the basal and vascular layers) of the skin.

HOT PARTICLE DOSE EFFECTS

Cancer

The National Council on Radiation Protection and Measurements' (NCRP)
Report No. 106, "Limit for Exposure to 'Hot Particles' on the Skin," (NCRP
1989), briefly discusses the cancer risk associated with hot particle
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exposures, drawing on work done by Shore (Shore 1990). Shore's work was
enlarged upon for radiation protection purposes by Charles (Charles 1990).
Table II is from the paper by Charles and shows the cancer incidence and
mortality risks for whole body exposures. A hot particle exposure will
result in the exposure of less than one square centimeter of skin out .of a
total of roughly eighteen-thousand square centimeters covering the body.
Therefore, the incidence risk associated with a single hot particle exposure

Table II. Radiation-induced skin cancer risk figures for man.

Incidence (10-4Sv-1) Mortality (10-4Sv-1)

Absolute risk model 233 0.47
Relative risk model 971 1.94

Using 0.2 percent mortality for comparison, the 1978 ICRP risk figure
for skin cancer mortality is 10-4Sv-1. (Charles 1990)

will be about 5 x 10-6 Sv-1 and the mortality risk will be about 1 x 10-8

Sv-1 for the relative risk case and about one-fourth of these figures for
the absolute risk case. The point here is that the cancer risk from a hot
particle exposure is extremely small. The so-called "hot particle effect,"
i.e., an increase in cancer incidence by several orders of magnitude compared
with uniform exposures, is not supported by research results (Charles
1990). A scheme for combining non-fatal and fatal cancer detriment is
discussed by Charles (Charles 1990). However, because of the small fraction
of the total skin surface affected by a hot particle exposure, even this
scheme does not result in cancer risk (incidence plus mortality) controlling
the dose limit.

Deterministic

Deterministic (non-stochastic) effects from hot particle exposures
may be divided into early effects (erythema, blistering, pigmentation, and
ulceration) and late effects (pigmentation, depigmentation, scar-tissue
and atrophy). Atrophy, manifested as dermal thinning, may be the most
important late effect (Wells 1986; Hamlet, et al. 1986). Desquamation and
ulceration are lumped together as "acute tissue breakdown" each of which
provides an opportunity for infection. As source (particle) size increases
above 2 millimeters, moist desquamation precedes ulceration as an early
effect (Hopewell 1990). The doses averaged over one square centimeter
required to produce these tissue breakdown effects in 10 percent of the
exposures (EDio) are plotted against source size in Figure 2 (Charles
1990). The "threshold" at this probability level appears to be about 3 Gy
for dose averaged over one square centimeter at sixteen micrometers tissue
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Figure 2. The E0io value for acute tissue breakdown in pig skin,
averaged over an area of 1 cm2 at a depth of 16 micrometers, is indicated
as a function of the diameter of the radiation source. Values are based
on using extrapolation chamber measurements and calculations to relate the
dose averaged over 1 cm2 to the directly measured dose averaged over 1.1
mm.2 (Charles 1990)

depth (less than 2 Gy at 70 micrometers).* A curve with the same
characteristics results from a plot of beta emission versus source size,
i.e., the beta emission required to produce the effect increases with
source size. A plot of EDxo doses averaged over 1.1 mm11 results in a
curve with the opposite slope, i.e., the required dose decreases as source
size increases. One may speculate that there may be a combination of
averaging area and tissue depth f,r which a plot of the data would yield a
straight line parallel to the horizontal axis.

The dosimetry associated with the studies that produced this data is
being refined. This may result in significant changes to the data.
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It is important that one keep in mind that different investigators
characterize doses correlated with hot particle effects in quite different
ways. In some cases, the specified dose is a point dose or "centerline
dose." Such doses are relatively large (e.g., 30:1) compared to doses
averaged over an area such as the 1.1 square millimeter area average dose
reported by the British (Charles 1990). One also must keep in mind the
tissue depth of interest since not all investigators will report doses at
the same depth. The rather extreme variation in dose is illustrated, by
Figure 3 showing the distribution of dose from a cobalt-60 particle.

Figure 3. Hot Particle Dose Distribution. Co-60 Particle, 277 micrometer
diameter, 61.7 microcuries. Dose rate at 0.9 mg/cm2 vs. distance from
source center!ine (Courtesy of the National Institute of Standards and
Technology)
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It should be noted that a dose at 7 mg/cm2 averaged over 1 cm2 from
a hot particle on the skin should not be compared to a dose from more
uniform irradiation such as the 2,000-rad dose that is used by the
International Commission on Radiological Protection (ICRP 1977) as the
"limit for exposure over the whole occupational lifetime" to prevent the
occurrence of "cosmetically unacceptable" changes in the skin and which is
one basis for the ICRP's 50 rem annual limit to prevent the occurrence of
nonstochastic effects. The dose distribution from a hot particle is
extremely nonuniform; the centerline dose (directly under a particle on
the skin) being, in some cases, more than three orders of magnitude greater
than the dose averaged over 1 cm2 at a depth of 7 mg/cm2.

Since the effectiveness of hot particle dose is dependent on the
response of a biological system, the effect versus dose data generates
a typical biological response "S" curve. A set of such curves is shown in
Figure 4 (Charles 1990). Note that there can be a six-fold difference
between the dose at a low probability level (10%) and the dose at a high
probability level (90%). Where is the threshold? The ICRP says in its
Publication 41, that a probability of occurrence of between 1 and 5 percent
may be considered as defining a threshold. Charles (Charles 1990) uses
two-thirds of the ED10 value (Figure 2). The selection of a threshold at
some point on the vertical axis will, of course, determine what fraction
of the exposed population may develop the health effect.

NCRP REPORT NO. 106 AND ITS IMPLEMENTATION

NCRP Report No. 106 resulted from an early 1987 request from the NRC
staff to the NCRP for guidance with respect to hot particle exposures.
This request resulted from a recognition by the NRC staff of the need for
an improved basis for the NRC's requirements as contained in Title 10 of
the Code of Federal Regulations, Part 20.* Radiobiological data, that
have become available since 10 CFR Part 20 was promulgated, indicated that
the radiation dose resulting from exposure to a hot particle on or near
the skin is associated with a significantly smaller injury consequence
than that associated with the same dose to a larger area of skin.

Section 20.101(a) of 10 CFR Part 20 includes limits on occupational
exposure of the skin. The limit is 7.5 rems per calendar quarter
except for extremities for which the limit is 18.75 rems per calendar
quarter. These requirements of Part 20 are based on the NCRP's
recommendations in National Bureau of Standards (NBS) Handbook 59,
(NCRP Report No. 17) "Permissible Dose from External Sources of
Ionizing Radiation," published in 1954, with an addendum published
in 1957.
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Figure 4. Acute tissue breakdown in pig skin following beta-radiation
exposure. The diameter (mm) of the circular radiation sources is
indicated. Skin doses were measured at a depth of 16 micrometers and
averaged over an area of 1.1 mm2 using an extrapolation chamber.
(Charles 1990)
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NCRP Report No. 106 recommends a limit for hot particles* on the
skin of ten giga-becquerel-seconds (seventy-five microcurie-hours) of a
radionuclide emitting one beta particle per disintegration. The report
states that it "does not deal with . . . skin exposure from distant
sources . . .," but does recommend applying "dose limits for exposure of
large areas of the skin . . ."in those cases where it is determined that
a particle was never in contact with the skin (e.g.. between two layers of
clothing). The NCRP's recommended annual limit for large areas is given
in NCRP Report No. 91 as 0.5 Gy. In those cases when it cannot be
determined that a particle was never on the skin (e.g., on hair or clothing),
the NCRP recommends that the particle "be assumed to have been in contact
with the skin throughout the possible irradiation period." It should be
noted that a particle on the skin resulting in an exposure of less than
seventy-five microcurie-hours may, if off of the skin, such as on hair or
clothing, deliver a dose in excess of 0.5 Gy to the basal layer of the skin.

An ICRP Task Group on the "Biological Basis for Dose Limitation in
the Skin," has also drafted recommendations for hot particle exposures.
The task group's tentative recommendation is one Gy averaged over one
square centimeter between one hundred and one hundred fifty micrometers
skin depth.** According to NCRP Report No. 105, the NCRP's recommended
limit is based on a desire to prevent a "deep ulceration." The draft
recommendation of the ICRP task group appears to be based on preventing
any effect that may result in opening of the skin to infection (i.e.,
ulcers). These recommendations appear to be significantly different.
(For example, the NCRP recommended limit would result in about 4 Gy to the
skin basal layer when applied to a typical fuel particle (Warnock et al.
1987) as opposed to the ICRP recommended limit of 1 Gy at 100-150
micrometers depth, both averaged over one square centimeter). However, as
noted earlier, work is in progress to refine the dosimetry associated with
the studies that formed the basis for the ICRP draft recommendation. The
result could be a narrowing of the numerical difference between the two
recommendations.

Finally, although NCRP Report No. 106 states that "when a given hot
particle is not in contact, it produces lower doses in the skin; also the
radiation field changes less rapidly with distance, both laterally and
with depth," it refers the reader to existing "dose limits for exposure of
large areas of the skin" for such cases. The studies that formed the

* Defined as "less than 1 mm in diameter."

** The selection of an appropriate depth or depths and area for dose
averaging is discussed in several papers (Charles 1990; Hopewell
et al. 1986; Wells 1986). Although there is not a consensus with
repect to an averaging area, an area of one square centimeter seems
to have some empirical legitimacy (Charles 1990).
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basis for NCRP Report No. 106 did not treat hot particles off of the skin.
Further, the report states that "The circumstance in which skin is irradiated
by hot particles not directly on the skin requires further study." Similarly,
the studies that formed the basis for the ICRP draft recommendation did
not include particles off of the skin and the ICRP draft does not include
recommendations specific to such cases.

The Commission must, of course, consider all pertinent and scienti-
fically valid information in determining the content of a rule specific to
hot particle exposures. Further recommendations for limiting exposures
from particles off of the skin, and for particles in the eye and on the
eardrum are expected from the NCRP in about two years. The results of
other, pertinent research, as noted below, should also become available
during this time period.

Ongoing and Future Hot Particle Research

As recognized by the NCRP in its Report No. 106 on hot particles,
"There are wide variations in the data on which recommendations for limits
of exposure of the skin to hot particles must be based and additional
research is needed in this area." Consistent with this observation, the
NRC is supporting some research and following other research that promises
to answer some of the technical questions associated with developing a hot
particle rule and that should provide the insight necessary to control hot
particle doses and an understanding of hot particle health effects.

Brookhaven National Laboratory (BNL). BNL is working on guidance for
preventing, mitigating and controlling hot particle problems; the review
and assessment of research results related to hot particles; hot particle
dosimetry, including biological dosimetry; and the biological effects of
hot particle exposures. Coordination is with, among others, The National
Institute of Standards and Technology, The Massachusetts Institute of
Technology, and European scientists funded by The Commission of European
Communities.

Pacific Northwest Laboratories (PNL). PNL is developing a new computer
code for calculating dose to skin from hot particles. The new code will
replace the VARSKIN code (NRC 1987) and will accommodate several different
particle geometries, account for particle self-absorption, include
backscattering effects, allow calculation of doses for particles both on
and off of the skin and with materials (e.g., clothing) between the particle
and the skin, and include any gamma contribution to the skin dose.
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The National Council on Radiation Protection and Measurements (NCRP).
The NCRP has been requested to provide the NRC with guidance concerning
limits on hot particle exposures for particles off of the skin, in the eye
and on the eardrum.

Conclusion

The effects and control of hot particle exposures were not considered
in developing existing regulations for protection against radiation.
Changes to existing regulations are under consideration and will be based
on a consideration of many factors including hot particle health effects,
health effects from whole body doses associated with hot particle control
activities, the degree of protection to be provided against hot particle
health effects, and the means for determining compliance with a rule on
hot particles. Hot particle effects research is continuing, and should
provide substantial additional information in the next two years.
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