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ABSTRACT

Nuclear reactors ‘and the natural radlatlon background are dlscussed '
here with'a view toward the instrumentation requlred to mon1tor radla-
tion in the environment. A brief historical account of the use of
nuclear reactors is presented to outline the\magnitude of the environ:
mental monitoring problem and its rapid rate of change. .Variousb
sources of radiation exposure aré discussed, such as fuel handllng,
;accidents, and waSte-storage. Measurement con51derat10ns and technlques

used for area and environmental monltorlng systems are briefly outllned.



The natural background is described, including the fadiation due to
cosmic rays, external gamma rays, and internal'ekposures; A summary
cdmpares the instrumentation fdr monitoring naturalvradioactivity'<
and radiation due to phe'nuclear fuel cycle. GoVernmént régulatiané _
are referred to and a Variefy.of refefencesv;re cited to provide both
general and'detailed technical information,to guide the reader intd

the maze of available literature.
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I. - Introduction

Backgfound infbrmation about the types and.extentvof rédioacti&ity
and radiation hazard due to the use of nuclear Téaétdrs Will be presented,
to be followed by a.general dis;ussion of the instrumentation available
for its measurement. %or detailed ‘instrument informétioh the reader
is.referred to Reference 1, wheré_measurement cdnSidérations and.v S
techniques are discuéséd for the various levels, types, énd locations

of radiation. N

A vast amount has been writtenvdocumenting_thé_environmental
aspects of nuclear reactors. The United States Atomic Energy Commiésion
(AEC) will soon have an ”Environmental-Report” available'on each
operating and proposed eléctrical power generating féactor; Upon
Completion,.these documents will be available at AEC libraries of may
‘be purchased from the Ordering Department, National Technical Information
Service, Springfield, VA 22151. The docket numbef of the report for

a specific reactor simplifies the search process.

A

~Figure 1 illustrateé—the locations of the domestic civilian
nuclear powér plants as of June 1973 (Ref;-4). In addition to large
scale commercial nuclear power réactors, there were about 259 Sméller
reactors in the United States at the beginninngf this decade. The

-applications include experimental power systems, testing, teaching,
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research, and naval propulsion. Many of the older:reactors.are
quite small in comparison to the majority of‘new’reaotors wnich are
rated to produce about 1000 MW of electrical power ‘The early power
reactors served as pllot and demonstrat1on plants for the large re-

actors now being built.

The U.S. electrical energy requirements for the near future and

‘the estimated fraction that will be generated by nuclear power facilities

are both erpected to rise dramatically. Althoughlprojections foriboth
short and long periods of time are at'best only estimates andvsubject

to new developments, nevertheless these pred1ct1ons do form the basis
for the construct1on of new electrical power generatlng plants Since
power plants require about eight years from original plannlng and
flnanc1ng untll actual operation, the need for power must be ant1c1pated
Slmllar growth patterns have been postulated for Western Europe, the |
U.S.S.R., and other parts of the world (Ref. 2, Sp1nrad, p- 57). / |

Most of the large power reactors are.cooled With'ordinary (light)

water and are of either the Boiling Water Reactor (BWR) or the Pressur--

ized Water Reactor (PWR) type. Other types include: High Temperature

Gas Cooled Reactors (HTGR) Heavy Water Moderated Pressure-Tube

Reactors (CANDU) Liquid Metal Fast Breeder Reactors (UWFBR), and

the Gas Cooled Fast Reactor (GCFR). There are also many new experl—

mental and research.reactors,‘includ1ng those used in nuclear fusion

research.



This paper will only consider "area" and "environmental" radiation
monitoring,‘rather thgn "'process"’ monitoring.. Area monitors are |
distributed within the reactor site and are intended for monitoring
the ambient_radioéttivity fo which the employeeé aré.eXéosed. Also
| included'afe instruments.fbr monitoring gaseous étack'effluents, water

discharges, and particulates reléased during‘the normal and refueling -

operations.

Environmental radiation monitors are fhose.designed to measure
radiation in any énvironmént‘where a human npt'empioyed by the plant‘
might be exposed. Examples of environmental.monitOrs'(or "enyiréns
monitbrs”) are those on fences surrounding a reactor site,’or in

‘rivers which:might'accidentaliy be contaminated. Process monitors
‘can be used to determine the amount and time Wheﬁ'activity wi{l be

released. Process instruments and techniques_aré often used -for"

area and environmental monitoring (e.g., stack monitors).
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II. Regulations

. £ )
14

-The U.S. Atomic Energy Commission licenses and regulates the
operation of all domestic'nuclear reactors. Laws, rules regulations,
+ and gu1de11nes are perlodlcally publlshed in the Federal Reglster,.

Title 10, Code of Federal Regulatlons Parts 20, 50 70 and 100.

Since thevoperation'ofvnucleaf reactors involves many different
phaees {e{g., mining, milling, transportation; reprocessing, and
waste disposal), a variety of regulations apply,‘dependiné on the
situation; Regulations governing theeopefation of nﬁtlear power
reactors are constantly being reevaluated in light of neW~informati0n;
In addition to\regulation~of radionuclide emissions from reactors,

regulations on heat, gas, noise, and aesthetic effects are in force

or being formulated as a result of~the National EnVironmental'Policy

- Act apd the Water Quality Improvement Act and the Occupational Safety

and Health Act. The enforcement of, and compliance with, the stipu-
lations to be imposed will require accurate and irrefutable data

collected with reliable instrumehtation.

The U. S Envirommental Protectlon Agency (EPA) has publlshed

a proposed guide for monltorlng env1ronmenta1 radiation (Ref 6).

Regulations requiring. specific identification of more and more

radionuclides will greatly increase.the amount of.data which,must be



taken and analyzed. Since radiation detectors are in some cases
incredibly sensitive, there is é tendency to monitor radibnuclides |
with extreme accuracy. We do not attempt éither to_justify or refute
this tendency, but rather note it, since it'has a major impaét.on
the iﬁstrumentation required. |

'The public health department within €ach staté.has responsibility
for monitoring, regulating, and enforcing the effiuenf emission i
regulations. The industrial safety departmént within each state
usuaily specifies the safety codes for the employees of a nuclear
power plént. Several interstate committees have been created for the
case of reactors using interstate waterways or_shafing air basins.
The appropriate committee will usually have a sté;ément included in
the "Enviropmental.lmpact Statement'' on the feactor;' HOwéver, the
ultimateiresponsibility'rests on each individual'utility for the-

~operation of its plant and the protection of its employees.



IT1I. Sources of Radiation

A reactor's,core is the primary source of radioactivity‘at a
nﬁelear power plant, bﬁt since the core 'is surrounded with‘adequate
shielding, its contribution to environhenral radiation is usually
small compared to the natural background. Radiation is also produced
'by the decay of atoms which became actlvated due to the neutron and .
gamma. flux w1th1n the reactor. If this occurs in cooling water or
gas which is released into the environﬁent it may represent a hézafd.
Fission products, aefivated wéter\(tritium), activated air‘(iaN .
16N), fuel rod cladding, and other actlvated materlals will emit many -
dlfferent types of radiations in a W1de spectrum of energies. The
quantity of radiation produced_by each reaction will depend on many |

variables (e.g., number of atoms present, cross-sections of interactions,

the energy, binary or ternary decay). -

The largest number of curies of rad10act1v1ty dlscharged by
operating reactors is due to tritium, krypton and xenon em1551one
Tr1t1um is commonly fbund in water as HTO which is purposely released
to the air (in the form of water vapor) and to the coollng water at
'planned‘intervals. Tritium decays by emitting a very soft beta ray
(Bpax = 18.6 keV); it is thus usually not an‘exterhal hazard in spite
of its relatively long life (12.36 yr half-life). ._:However, about 24,000
curies (Ref. 7) will be'producedvannﬁally by/each 1000 MWe reactor;

if it is all eventually released to the environment, as is the current .
. \ . .. . .
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practice, then during the next several decades a build-up can

certainly be expected.

Thebisotopes of krypton (83m, 85m, 85, 87, 88, 89, 90) are
commonly found in the gaseous eutput from boiling water reaetors.
The condenser output gas is treated and its release is delayed
(heldup), wﬂiéh allows the shortelived isotopes to decay. An evalu-
ation must be made and repeatedly cheeked (by monitoring)rfor.each
reactor during its normal operation to detefmine.if its release of
krthon\ahd other gases is within thellimips allowed by government-
regulations; v ) > |

Xenon-133 represents a large aﬁount of the activity expected
to be reieased per year from a typical BWR in the gaseous effluent -
(Ref. 8). Ifs\half-life (5.27 days) indicates it has a limited buildup
potential, its decay mode (beta, Ej,x = 346 keV) indicates that a
beta\monitoringvinstrement must be used, its chemical chafacteristics
(nonreactive noble gas), its biomedical properties (no serious recon-
centration) and its'occupetienal MPC (10 pCi/cc, 40~hour.week) indicate
its potential hazard is not as great‘as some,moreireactive elements.

Some isotopes of xenon will be released at the reactor, and some at

the Fuel Reprocessing Plant (FRP).
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"In considering the hazard to individuals, it is convenient to
divide the exposure into classes, namely externalvand internal radia-

tion.

A. External

External radiation is défined as'radiation emanéting\ffom radio-
activé materials,éxternal td thé;body. Radiation. from fuél rods,
control rods, radioactive substances, and X-rays‘ffom high-voltage
eduibment aré*examples of external radiatibn. |

In’gehéral, externai radiétion hézards are confined to rather
-spécifiC'areas close to the source ofvradiafion._.waeyer, activated
méterialvreleésed to the environmght may be carried great distances
in the atmo;phere or water, in the form of a gas, 1iduid, or solid.
- To accurately determine the pathWays and possible hézards, each

nuclide must be individually ideﬁtified and its quantity compared to

the maximum permissible concentration.

B. Internal N
Internal radiation is the radiation an ihdividpal_receives from
radionuclides which decay within his body. Isotopes which'accumulate

in the body. from natural and manmade sources are “°K in soft tissue,

3%Sr in bone, °H.in water, !3®!I in thyroid, and ®SKr in fatty tissue._

Y
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Internal fﬁdiation from beta emitters such as *H and °°Sr is more

hazardous than external, since the ﬁrotective layer‘of skin has been

bypassed; Hence, most of the energy emitted froma decay will Ge - . -
deposited in the cells of the body. Some cells Cén be, and are,
replaced during the normal cellular lifetime. For‘an adult, tﬁe red
blood cells are usually completely replaced every iZO'days, and the
skin cells once every few days to few weeks. However, ﬁonregenerating
cells, such as nervous tissue, may ne?er be replaéed. If only a few
cells are affected, they may be expelled by the body, but if a large
number are destroyed or changed beyond tﬁe ability of the body to

repair itself, serious deterioration may occur.

The dose to the population caused by nuclear reactors must be
weighed against the natural background and the effects of alternative
power sources. Studies of a "maximum person' (1 e., someone who
dfinks only effluent water from reactors and eats only the fish that
reconcentfate'various isotopes in fheir flesh, andfdrinks only milk
from_cows thaf graze on the grass downwind from aireactor; etc.) have
been, and will continue to be performed. A meaningful estimate of
the maximum‘dOSe received and its popﬁlation'distribution requires an

accurate assessment of the dose pathways, using reliable monitoring

G

and sampling techniques.
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C. Radionuclides e

A number of radionuclides must Bé individual;yvidentified if

a complete knowledge of the impact on the envirdnmeht from nuclear
reacfors'is-ﬁo be assessed; A list summarizing fhe fadionuclideé
fouhd in the environment near nuclear faéilities'waé given in Refefence
9 and is feprodﬁced here as Table 1. The questibn-mérks (?j imply:
that the results of fhe meaéurement_were uncertain, For example,
thé level of 131i’in cattle thyroids was so low_that a specific
documentatién_of‘its concentration coula not be made..'All of these
radionuclides must be considered; however, some will require more
.attention than 6tHér$ due to their half-lives, quantity of production,
~and toxicity. o -

~ Table 2 lists the half-lives and prihcipal decay modeévfor '
isotopes from nuclear reactors which caﬁ pose an environmental rédia-
tion hazard_due to their long half-liVeS and quantiﬁy of production.
The energy énd type of decay. aids in determining the instrumentation
required. The number of curies pef year_aVéilablé at'any typical
new reactor (150 dastaftef the fuel is removed from the'cofe) prqvides‘
an indication of the amount 6f activity of thé.véfibus nuclides which

o

will be transported through the enviromment.

P

. ] N _
‘Figure 2 gfaphically shows the production rate of radioactivity

in curies per year as a function of time (Ref. 8). The elements from
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~

'Zifconium’(Zr) to Antimony (Sb) and the.rarg earth elements (RE)
dominate the energy released for the‘first 1000 days. The Cesium
(Cs) and Strontitm (Sr) are dominant for about the next 300 years.
Eventually the Iodine-129 will remain dué"to its éevénteen million‘
year half-life. Note also that Zr®3, Nb®3M and Tc?®? willlstill be
producing about 1000 curies per yeér a»fewAéenturies from now. In-
order to appreciate the logrithmic scales it isﬁinstructive to assigp
dates fbr»reactor‘fuel processed today. Furthermdré, the decay of
'iodine by eight orderé-of-magnitUde requires. about 150 @éys, whi%e:v
the same relative decay of strontium requires abouf SOO\years; These

curves should be considered with the relative biological effects of

each radionuclide in mind. o ~

The présent use of plutonium and its “ultimate”’accumulation'and
hazard should also be considered by‘the reader. The next calculaﬁion,
not performed here due to the very large errors and speculation
involved; is to ﬁultiply by the number of equivalént 1000 MWe plants,
and by the number of years we expect each plant t§7operate. Radio-
nuclide production is the major unique feature of bufning uranium
rather than coal, oil, or gas to producé.eléctricity. Mindful of
~our responsibility to succeeding'generations; we need to evaluate the
raﬁe at which we aré destroying and dispersing our limited hydrocarbon

.. inheritance. Tax incentives to develop solar, geothermal, coal gasi-

/
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,

fication, or fusion power do not exist. Fission power will reduce
“< \ .

our dependence on fossil fuels, and it is availéble now. However, -
other processes for energy cbriversion should \recei\}é much more finan}
cial .sup/port. in 'orcvler.to provide an adequate énergy supply which is »
compatible with the envirommental limits of .oﬁr‘gllobe for the entifé

future of manklnd .
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IV. Fuel Handling

The_lérgest routine hazard of nadiatioh exbosuré to individuals
working at nuclear reactors is from refueling and maintenance operations.
Whenever access is allowed to material that has beeﬁ in the core of
the reactor,/extfeme caufion must be exercisedl _Véry careful surviel-
 lance should also bermaintained iﬁ the'éaée of research reactors,
since cavalier attitudes tend to develbp when consténtlyfhandling
radioactive matérials. External radiation from spent fuél réds; from-
defective réds,_dr from leaks in the primary coolant system are
potenfial.major sources. of radiation exposure. vHence, phese operations
must be closély controlled and the possibilities of accidents should
be minimized: This fact is well known and the personnel responsible
for radiation safety use a Variefy of different monitoring techniques
and instfumenfs to measure the dose (e.g?, film badges, personnel

dosimeters, ion-chambers, Geiger counters). _ P

: The'operation of a nuclear power plant is somewhat similar to
the operation of a refinery. It is an extremely complicéted arrangement
of pipes, tanks, bypasses, and safety systems. Thé'personnel respon-
sible for the reactor's operation must élso be thoroughly familiar
with all the poséible problems which.may occur and have occurred
(e.g;, broken fuel rods, leaké, corrosion, spills)}. Contingency

plans covering any credible catéstrophes must be detailed before a
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reactor prbduces power. Refueling is a particularly critical period

when strict adherence of safety procedures must be maintained.

Uniquerp;oblems are associated with the handiing or radioactive -
fueis. However, tnder normal conditibns, exposure of the general
public due to the mining, milling, refining, transporting, and handling
of fresh-fuelbiquuite smali. .Spent fuel presents-a relafively greater
“hazard due tb the decay of its fission products, but the instrumentation
for monitoriﬁg fuei-handling operations is considered adequate.\ Air-
pumps and filters to measure particuﬁates and gés-mbnitofs (for radon)
are nece§§ary only to further substantiate that vefy little activity
has been released. In the case of a trénsportatioﬁ_accidgnt (rail or
truck) where the fuel contaihment is breached, these monitors will

be required to perform their task.

Whenﬁcoﬁsidering fhe impact on the enﬁironment from nuclear )

" power one should consider the entire fuel cycie,v Figure 3 is a
material and envirqﬁmentél release flow sheet for a typica1’1000

MWe light water reactor (Ref. 8). The magnitﬁdes;éf_vafious gaseous, |

~ liquid, and solid wastes are also described for the fossil fuels

in Reference 8.
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V. Fuel‘ReprocesSing

7 The growth in Size‘and mumbers of,power¥generating nuclear
reactors has dramatically incfeased the total woria“inventory of
“many radionuclides. Fortunately;.only a minute fraction of the total
activity’is réleased to the environment in routine reactor operatioﬁ.
The remainder sﬁays essentiéily'entirely,within-the spent fuel rods,

which are normally stored for at least 150 days'béfore-shipmeht'to a

fuel-reproceséing plant.

The fuel-reprocessing blanf (FRP) is then facéd with the problem'
of coping.with'the activity. The basic idea isvtovréclaim as éuch
useful fissionable fuel and other reusable materials as péssible,
thle releasing as little radiation_és possible to the environment.
Another—(perhaps overriding) factor for an FRP isbeconomic viability:
.pre5umab1y the reclamation process must compete ecohomicélly with |

“the mining, milling, and treatment of Vifgin fuel.

“The eéonomic justification for fuel reprocéssing is twofold:

- first tpe'fracqion of reusabie fissidn fuel re;overed_in the FRP

is about'SO%; thus the reprocessing operatioﬁ esSentially_doubles
“the amquanOf'useful energy derivable from the origihal uranium.

- Second, réprocéssing enables the radioactive fission products to be

concentrated for easier and less costly handling. Of course the other
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side of the coin is that these plants may release some radionuclides

to the environment which presumably would ne confained~within-the '
spent fuel rods if these were stored Withent repfoéeSeing. Since

fqur of the most important nuclides (krypton-85, fritium, strontium-90,
and Cesiﬁm-137) have half-lives from 10 to 30 yeafﬁ, storage for |
decay is pféctical only on a century-basedvtime:scele. Present

FRP plants can be-viewed as operational. prototypes for those needed

in the future to provide‘sufficient fuel reproceSsing canacity for

the reactors now being built. - | -

1

In the United States.in 1973 there was only one operating com-
mercial FRP: the Ashford, N.Y. plant of Nuclear Fuel Services Inc.
(NFS). This plant began operation in April 1966. The NES plant
has closed‘for remedeling to increase its fuel reprocessing capacify.
Two other commercial'plants are in advanced stages.of construction:'
the Midwest Fuel Recovery Plant (MFR?j'in Morris, Illinois, and the
Barnweil Nuelear Fuelvplant (BNEP)‘in\Bernwellg Seuth Carolina.

N\

Others are in the planning stage.

To illustrate the magnitude of the FRP problem, we take one.
“estimate (from Oak Ridge National Laborafory; Ref. 10) for the future
expansion of nuclear electrical generating capacity. While it_must

be emphasized that future projections such as this{ére based upon

.debatable assumptions, they do indicate at 1east»future trends which
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must be considered. In this light,ﬁFigure 4 shows the estimated

installed nuclear generating eapaclty.Qﬁegadatts)lfrom 1970 to 2020.

Figure 5 shows the projected discharges of spent fuel in tonnes

- (metric tons) for the same time period. Since the oapacities of the

three plants mentioned above are about one tonne per day each for

NFS and MTRP and six tonnes per day for BNFP, it can be concluded

from F1gure 5 that exten51ve addltlonal FRP constructlon will be

'needed merely to meet the extrapolated fuel usagepln.1980, a date for

which present estimates of nuclear oapacity are reaSonably accurate.
Thevradionuclide fissionvproducts.contained'ih the irradiated

fuel of a‘light water reactor are shown in Table 3 (assumiag a .specific

power level of 30 megawatts/tonpe and a total-fuel exposure of 33;000

hegawatt days/tonne (Mwd/t)). From this table, it taa-be seen that the

activities are prodigious'indeed.: FRP design has evolved around extremely

careful analyses‘of the problems associated with'these activity levels.

'Also, AEC licensing and operating restrictions haverforced plant

. designers and operators to meet incereasingly more‘stringent/emission

limits. Also shown in Table 3 are data for spentffuel from‘thel ’

liquid-metal fast breeder reactbr! for a specifit_power level of

58 megawatts/tonne and burnup of 33,000 Mwd/t .

A. ‘Liquid and\Solid Wastes -

MFRP plans to solidify wastes d1rectly after productlon to .
av01d the nece551ty for on- site retentlon of h1gh activity wastes

in liquid form. BNFP plans to use sedimentation and’caklng to
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congentraté the 1iquid wastes into solid form, over'a period of
years. Both plants plan eventually to ship“thesé wastes to a federal
repository'fﬁr perpetual éare. The NFS experienté_has been different:
low level liQuid wastes are stdred"in lagoons for Vafious periods |
before reiease to the enviromment via Cattaragus Creek. The environ- -
mental impapt of,thezstdrage systems planned at the other sites is -

mainly relate@ to the integrity of the container vessels, a'subject

which we shall not treat here.

B. Radiation Doses to Individuals . ’ ~ .

One ihportant way of viewiﬁg the radiologicél impact of any
-radiation.sourcé is through radiation doses delivered to individuals
1iviﬁg’neaf'the site. Stﬁaies have been made of some of the important
components of this impéct;.invthis section, a brief suﬁmary_will be

~ given of some of the conclusions.

For the MFRP and BNFP, calculations have been done on the main
pathways of exposufe tb'the general public. For MFRP, a few indi-
viduals in nearby cbttages could receive as much as a few percent

of technical specifications limits, and the estimated total man-rem

is 35/year, integrated over a 50-mile radius éontaining over six
million people (Ref. 11). For BNFP, tﬁe corresponding estimated
annual figures (Ref. 12), integrated over about 200,000 péople; are
about 20 man-rem (whole body), 27 (bone), 200 (thyroid), and 200 (skin).
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Shleien (Ref. 13) performed a 1968 study’of exposure levels
near NFS. His study concluded that ''the presence'of Nuclear Fuel
Services, based on data presently available, did not 51gn1f1cant1y

'1ncrease the radlatlon dose to the 'typlcal 1nd1v1dua1' in 1968
'above that due to fallout and natural radiation." When Shlelen

: gonsidgreq a hypothetical Vmaximum individual" whose diet consisted .
of 50 kg of deet meat and140 kg of fish per year‘(alltkilled near
NFS), he found that such an individual might receive a whole-body
dose of =250 mrem/year, nostly from !37Cs and 13“Cs in deer meat.
.The overail conclusion seemg to be that normal FRP operations do

not presently contribute a significant dose to humans.

C. Required Instrumentation

-From thé above discussion, it is clear that unique instrumen-
tation is needed to monitor the environmental imnatt,of radiation
around FRPﬂst\ We have excluded instrumentation teqnired in process
control. |

The largest source of exposure is nnrmally due_to 85Kr and
trit@um in géseous effluent. Clearly instruméntation is required
to detérniné_their'distributions in the environmént.: Usually the
‘amounts actually emérging.from"the stack are determined frnm calcu-
‘lation. In-stack monitors are nevertheless essential to check on

the "normality' of the releases. The environmental impact is depen-
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dent as well upon external effects such asbmeteor010gical coﬁditions,
and instruments are required-at the site boundaries and beyond to
determine the,ulthhate fate of the released actiVity, and to verify

continuously the validity of dose-commitment calculations.

Alrborne iodine is also a potentlal problem Normally the 1od1nes
are removed by flltratlon before the gas is em1tted Instrumentatlon
is requ1red to determine iodine levels downstream of the’filters,
.sinoe itvis very important to detect abnormalities»immediately. Also,
routine Surveillance of cow's milk via the air—grass;cow-milk-human

pathway is required.

- Alrborne particulétes should be monitored ‘in the stack, since
'they»are so difficult to detect and quantify in the'environment.‘ In
-addition, gross beta -and gross alphe determinations should be performed
vperiodicelly in environmental'locations. |

Liquid effluent monitoring is_elso required. -A continuous stream.
monitor is required.to detect rapidly any possible faults-in the systen.
Also routlne sampling and ana1y51s for gross a, B, and vy should be

'performed along with spectrometr1c measurements 1f necessary.

Monitoring in the vicinity of the high and low level waste storage

containers is also essential. Possible pathways Whereby leakages can
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find their Way into the enviromment must be studied and measurements

carried out to confirm the integrity of the containment systems.

Finally, in the event of an accidental emission of radiation,
there must be instrumentation present with widé dynamic range to
perform critical-patﬁways meaSurehenté affecting é.rather broad
geographiéal area. These includelsamplingginstrumeﬁts fér air, water,

particulates, grass, and milk. .



. - 25 -

"VI. Accidents

We restrict this éectiqn to a brief outliné‘of.some of the
considerations in th¢ choice of instfumentation for monitoring |
environmentai reléases in the event of a‘reacto£'accident. To sum-
marize,Athe’instrument should ‘have an,extremely'latge dynamic range,
jfail-safe operation, alamms, remote read-out, ?émote-calibration, and
long life (weeks if possible).on self contaiﬁqd'power supplies.
Refefeﬁce 14 provides justifications and recommendations for an on-

line data acquisition system capable of monitoring'the accidental

release of radionuclides to the environment.

Sabotage is an important consideration. A>disgruﬁt1ed employee,
or a misguided fanatic could cause a freﬁendous_ambUnt’of damage fo :
society;-individuals, and the energy éupply of any ﬁuqlear nation. It
. can also Be~éssumed that all large eleétrical'genetators'ﬁill be
considered'primary targets in time bf war.'_Further;.acts of -extortion,
shnilar»tp skyjacking, are also possible from'misiﬁfoﬁned, unstable

~

individuals or organizatigns.

A large.amountvof‘?ublic and private discuséion hasfoccurred
‘over the'as$umptioﬁs and predictioﬁs Concerning ""credible accidents''.
The primary éXample is a Loss of Coolant_Accidént7Whighvhés been in
. the public‘spotlight. Wilson and Jones (Referehcé;IS) provide‘details’
and some history concefning-the assumptions, calculafioné, and pre-

r
‘
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Vdictions. Statistics and comparisons to thé'haiard$ associated with
Alérge amounts of other highly concentrated forms of energy in a
volatile form (e.g., oil super tankers, liquified natural gas) are
also preséntéd, along With_beﬁéfit-risk'comparisons_of élternative
ways of producing electricity (e.g., fossil fuels). A comparison -
of the relafive danger'of EWR'S and PWR's (hot stéam under high
pressure) is also assessed. HTGR'S,‘LMFBR'S,,naval, and.research
reéctors must also be considered in aftempting to evaluate the risks

associated with converting mass into energy.

The potential hazard from any credible accident must be serioﬁsly
~ evaluéted_from several points df view. It is esséntially impossible
for a BWR or PWR to produce a nuclear explqéion; however, if all
redundant safety §YStems are breached,‘a.serious accident‘could occur

(i.e:, the core could melt). If such an accident were to occur, a

large amount of radioactivity would be present in a volatile form.

A number of general statements ;aﬁ be ﬁade to,suhmarize the
radioactivé hazard to man from.the‘nucléar fuel cycle:

1. Excluding accidents, the present dose to the general popu-
lation due to external radiatién,from routine nuclear reactor operétion
is negligible..- /

2. Excluding accidents, the present dose to the genéral public

due to internal radiation from nuclear reactor opeération is also

negligible. '



3. Accidents are'extremely improbable but cannot'be Completelyv
excluded; therefore the consequences of all poss1ble accidents
must be very seriously considered based on reasonable assumptions

4. Long term storage (perhaps thousands of years) of large
amounts (tonnes) of high act1v1ty radioactive wastes Onegacuries)

J

will requirevacc1dent-proof means,ofiperpetual storage.

A small numbera(38) of radiation injuries has occurred in the
‘U.S; during the 27-year period 1943-1970 (Ref. 16),:iNone of these
involved an‘electrieal power generating'reaetor, a feStimony to an
appreciation'of;the requirement'for a meticulous‘attentionvto details.
The accidents have usually involved carelese handling of fuel by .the
employees. Many‘ofvtne accidents occurred at smalljreactors where
'experiments were being conducted that reqnired a rariety of fuel
configurations.’ Naturally,lthe situation at an operating reactor used
for power generation ie quite different, since such_a reactor is -
usually much}larger with rigidly Controlled operating procedurest

Transportation of increasing amounts of radioactive material may
present a souree of possible accidental exposure of-tne general\public
to radioactivity. - The material should Be transported in a solidvform
| ifvpossible. Some 1on-leve1_1iquid wastes (essentially.contaminated '
water) can be solidified into eoncrete, which does not spill or leak.

When a transportation accident does occur, a trained radiation hazard
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inspector.c0uid fly to the scene and evaluate the.héZard.‘ At least
one health physicist, or public health'employeé, ¢r‘office, in each
state (or regionalrérea) should be re;ponsible and avaiiéble (24

" hr/day) to determiné the extent of'any possible rédioéctiVe hazard.
The radiation survey'crew'should have available calibrated, réliable,
immediateiy usable, portable instruments to detect the activity.
Dosimetérs'should be worn by the inspectors as well as by tﬁe trans-
portation workers in order to measure their dose. The dose received
by the generél public, or any speéific individuals inbolvéd in any

ac¢cident, would be determined from calculations based on the measure-

i

N
ments.

Breeder reactors, presently being developed, will require special
safety considerations. Liquid sodium'is a very volatile element which
reacts with air and burnS'Violently in water. Furthermore, a remote

possibility of a violent chain reaction exists for fast-neutron

breeders.
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VII. Waste Storagg'

The-storage of large_volumes of'high-ievel.radioactive.wastes
for extremely long periods is a crucial consideration when discussing

radiation and the enviromment. A list of the prbjécted high-level and

‘alpha emitting wastes is given in Table 4 as an indication of the

quantities and activity of radioactive wastes that will require handling
and storagé (Ref. Sj. \

Geological stability, isolation from ground water, economics,

activity of the waste, and distance from fuel reprocessing plants

~are just a few of the considerations involved in'the decision of

-where and how to store radioactive wastes. Large tanks, either

: above or below ground, supported so they can be visually checked

for leaks on Fhe bottom and all sideé, should be designed to withstand:
eaftthakes and severe weather. Automatic leak detectors and area
monitors/containing_alanm circuits would be reqﬁiféd to cohtinuously
monitor each tank. Reference 10 presents é detailéd'discussion of.

waste storage, management, transportation, economic, and siting con-

- siderations. .

\

'The uncertainties associated with this aspect of nuclear power7

- emphasize our dilemma. Should we leave future genérations tons of -

activated fuel or should we ieave them no fossil fuels? Clearly,

other alternatives need to be. developed.

-~
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VIII. Measurement Considerations

A._‘Process

_Instrumentation.for monitoring the operation of a reactor 1is
beyond the scope of this report; however, the information from these
instruments will provide a reference for'correlatihg environmental
contamination. Since sensors near the core must measure and withstand
a massiveramount of radiation, their design considerations are qﬁite ,
different froh instruments intended to monitorrlow-ievel radionuclide .
signals immersed in a noisy, dynamically varying,'natural background

environment.

B. Area

Instrumentation for monitoring radiation within the réactor
building_should consist of a combination of various types. Measure-
" ments of gross beta and\gammabattivity provide a denominator or
overall refereﬁce; Specific attention to the Various components of
radiation @ué tolindividual sources is not élways nétessary, although
it is certainly useful information when attemptingito diagnose a

leak and document its history.

Wall-mounted ion-chambers should have sufficient sensitivity 1
to measure daily variations (down to about 1 uR/hr).‘ Separate detec-

tors having a‘large range capable of measuring an accidental release
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(up to about 10,000 R/hr) are also requ1red Fail- safe aud1b1e and
visual alarms and prov151ons for recordlng the measurements are always
desirable features. Periodic callbratlon and regularly scheduled

. maintenance procedures are necessary.

Stack and effluent monitors should have meansvfof providing a
“temporal record of the emiésions, in addigion to multiple "fixed °
filters" for integrating the radioactivity released dhring various

time periods.

'Dosimeters for meesdring the dose received by_eech emploYee
should be pocket'ion¥chambers worn outside of any'heavy'tlothing,
as well as an‘integréfing dosimeter (fiim, fhermolgminescent dosi-
meter) Changed periodieally, in‘order‘tq~provide a measurement ef
both the long (integral) and short: term dose received by an employee.
Remotely cohffdiied or porteble rédioactive seufces should be.
- used routinelyfto check the calibr?tion and bﬁeratien of-permanently
installed mohitofing instrumeﬁtatien. A brdgfammable»éalibrated |
electronic test pulse can alse_be used»to rapidly isolate instrumen£

failures. _ -

- C. Environment

The main con51derat10n of 1nstrumentat10n for mon1tor1ng environ-

mental radlatlon is en51t1v1tx If the 1nstrumentat10n is sensitive

L
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enough to measure the expected emissions; theﬁ itvwill also respond
to hourly, daily, and seasonal'variations in the.Background'ievels.ﬂ_
Typical background levels are présented in Table 5 (Ref. 17). Fluctu-
ations in Ipcal background radiafion ]eads to a dosc which varies from
about 75vtofabout 150 mrem/yr. In addition, daily variations can be
as high as *50%. Therefore, it‘willlbe rather difficult(to measure
the additional dose from é properly operating reaétor, since that dose

is typically not expected to exceed S'mfem/yr at the fence.

N

Additional primary éonsiderations for environmental monitors
are reliability and pfeCision) The instrument must be capabie.of
performing the measurement (say, <3% error) dvef a:wide range of
temperatufg,'humidity, pfessufe, dust, wind, snow, raiﬁ, and other

‘adverse environmental factors. . , .

~

Presently, TLD's and film are the backbone of environmental
monitoring systems. Thesevsystems pfovide.a valuable historical
record of the emissions and a convenient mechanism for archival storage.
As the quantity of required measurements increases, the need  for

‘automated procedures will also increase.

’

A large amount of meteorological data should be collected to
determine the effect of an effluent discharge. For example, in a

PWR‘this ihformation could be used to determine when and at what
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N L

rate gas could be discharged to maximize dispersion, and hence to

minimize any localized environmental impact.

Another primary con51derat10n for an enV1roomenta1 monitoring
system is versatlllty. One proposed system (Ref. 14) prov1des a
‘facility for_evaluating new monitoring 1nstrument$ andvls capable
1of a variety of test*site configurationo. Sufficiont computer power
-for rapid collection redﬁctioh correlation aﬁd'display of informa-
tion, and a mechanlsm for easy dlstrlbutlon of both the raw and
_ reduced data based on a t1me sharing archltecture was out11ned
Dynam;c, synerg15t1c, and antenog15t1c stu@1es of how a contamlnant
travelé, disperses,;contentrates, or reacts with.the environﬁent
,Wiil neod to be petformed'for mény radionuclides ahd_other oontaminants.
The.systom design is also capable of réspondihg to7an'emergenc}

situation.

;-
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IX. Measurement Techniques

N

A variety of fechniques is used fo'measure the envirommental
and occﬁﬁational-radiation levels from nuclear power reactors. For
example, grab samples, continuous monitors, dosiﬁeters, and radio-
nuclide identification equipment are all used to evaluate the operation
of a nuclear poWer reactor...It is only possible to mention here that

sampling]plays a major role in environmental studies.

Each reactor will require different items which need to be sampled
(e.g., fish, birds, Corn, cows, thyroids, milk, water, air), different
isotopes which should be measured (}3'1, ®Sr, BSK}, 3H), different

sampling intervals (daily, weekly, mbnthly, yearly), and different

_sampling locations (upwind, downstream, nearest city).. Envirommental

sampling is used to provide backup and redundant data, to check the
primary'déta sources (i.e., process monitors, stack concentrations,

-

and meterological information).

Some of the sampling and analysis shduld be independently per-

*

formed by at.leagt;two‘organizations to ensure confidence in the
measurements. A typical envirohmental surveillance program is given

in Reference 18.

Measurement techniques, instrumentation, and_procedures for
determining individual radionuclides in the gaseous, liquid, and par-

ticulate states are discussed in Reference 1. Grab samples and chemical
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-separation procedures are usgd‘- for sbme of the gas ;.an_d 1iquid .phase
measurementé. Péi*ticula_f,e concéntratioﬁs vare usually deténn\inéd by
‘independent.lllabor,atories' analy.zing..filt'er" paper on a monthly basis.

. instrwnentatioh for each of the‘ following r‘adionhclﬁes -is treatéd
separately in Reference 1: Tr;:itimﬁ;" Krypton-85, Strontium-90, Iodine-131,
Radon-222, Radim, Uraniun and Plutonium.

~
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X. - Natural Radiation Backgrounds

This séction will be concerned Qith a'brief sumary of the various
components of the natural radiation background dose. By "natural back-
ground" we refer to radiation which is not‘mén-made,'including exposure -
affected by_a man's activities as in airplane flight or by the use of
radioactive building materiéls. Exposures to naturaliy oc;urring'”x
radiation frém‘some éctivities, such as mining of naturally radioactive
ores is excluded from the.discussions in this section since that is

considered an occupational exposure.

Dépending on his locatioh on the earth (or above it in aircraft)
"2 man is.exposed to varying levels of natural. radioactivity. 'Thé
sources inclﬁde cosmic fadiation, terrestrial fadioactivity, air-borne
»radionuclides and ihternal rédiatioh frdm ingestion of normal air ahd
food. For many of the numbers presented here, Qe shall rely upon a
receht EPA sﬁmmary of natural batkgqounq levels (Ref. 17). Another

fine source is The Natural Radiation Environment, édited by Adams and

Lowder (Ref. 19). A variety of sources were used for fallout data;
many of the measurements presented here have been reported by the

U.S.A.E.C. Health and Safety Laboratory.

A. Cosmic Radiation

‘The composition of primary cosmic radiation entering the atmo-

sphere is about 85% protons, 14% alpha particles, and 1% heavier
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nuclei. There seem to be few eleétféns,and:high energy ganmas., and
those mostly at the lower energiés, where they compriée a few percent
of the flux. The primary energy‘spectfum follows én inverse power
law, falling off aﬁproximately as 1/E? ffom about 10° to 1018 v
Ref. 20). . :

- At the earth's surface, the flux is.predéminately muons froﬁ>{iv
the decay-of,pioﬁs produced bynthelprimary-protoné in the'upper thd—_
sphere; these muons'aré accompanied by an equiliBriﬁh,mixturevéf
electrons and gammas. There is also a small flux of.héutréﬁs. For .
’ourﬂpurpésés, it ié édequéte to assume that the total éggg_to fissue
from cosmic radiation is‘aimost entireiy_from»reiatiVisfic chérged '
particles. - - .

E Cosmic radiatioh dose levelé vary significaﬁtlyfwith altitude,
and less strongly with latitude. >Figﬁre\6’shbws a vertical profile
from 10,000 to 80,000 feet which was measured in ballQon'flights by
,U.S.A.E.ClTHeaith and Safety{Laboratory_personne1 ih 1969-70 (Ref.'ZIj.
" Note the:1atitudinalvvariafions at the higher elevations. Ffoﬁ this -
_f{gﬁre, itvcan be'seen that higher doses will be experieﬁced in air-

craft.

Table 5 shows thenstate-by-stéte breakdown of.cosmic-ray annual
per capita doses in the U.S. Note that while the average does in the
~U.S. is 45lmrem/year,_the does rates range from 35-40 mrem/year (at

séé level in the continental U.S.) to 115-130 mrem/yeaf/(in:thevRocky



Mbunfain states). The sea-level'rates'atvmore southern latitudes
(Hawaii, Cénel Zone, Samoa)‘are‘smaller:’about 30 mrem/year; Tt is
estimated that at an altitude ef 40,000 feet (coqventional jet aircfaft)
the dose is-as large as 0.7 mrem/hour,rand about 1.1 mrem/hour at
60,000 feet (bossible supersenic traneport SST alfitudes (Ref. 22));
thus a round-trip trenscoﬁtinental flight will yield total doses of
about 6 to 8 mrem, in either conventional or SST aircraft. Assuming
310 millien passenger miles flown in 1970 (Ref. 23), .the total man-rem
accumulated by passengers in thet year was-about 200,000 (or an average
dose to the entire population QfAl.O mrem per capite). Ineaddition,
'approximately 15,000 air crew members received aﬁ everage of 670 mrem/

year in 1970, for a total of about 10,000 man-rem (Ref. 17).

B. External Gamma Radiation

Naturally'occurring radienuciides'produce external gamma exposures
which Vary’with location, time, and meteorological conditions. Reviews
-of these 1eﬁels have been complied (Ref. 24, 25)..'Also, Referenee 12
contains deteiled discussions of some localized "hot spots'' in various
terrestrialalocations, such as in Brazil and the‘Roéky_Mountains,
where levels may-reachvseveral thousand mrem/year. “Table 5 (Ref. 17)
also shows the state-By-state external whole body doses, which average

~

about 60-mrem/year over the U.S. The dominant contributions are from

radon and its daughters (ultimately from the uranium and thorium

deposited in rocks)‘and from petassium—40. When measurements of low

~



" level gamma emitters are made using gamma spectroscopy, potassium-40

in particular can provide a significant background.

~

C. Internal Exposures

The contributions of\thé dominant raaionuclides to internal
'fadiatidn are_shown iﬁ_Table 6 (from Ref; 17); 'Doses to the:whoie
body, to endosteal cells, and to bone marrow are ébnsidered: The
total is dominated by “°K, 2!%Po, 222Rnp, ?2%Ra, and‘l“C: The average'
wholevbbdy dbée is appréximately 25 mrem/yeaf, and except for the
222pn contribution tthrough inhalétion) it is all received through
L fooa ingéstion; Becausevagricultural produce in thevU.S,‘receiveé :
wide distribution, these figures probablybdo not f1ﬁCtﬁate as sigL’
nificant1y~frdm plage to place as do the extérnal.or cosmic radiations.
In fact,-ZésRa concentrations seem to vary more due t6 dietary‘dif—
ferences at a given 1o¢ation than due to geogyaphical effects (Ref.

17). L - ,

" D.  Summary of Natural Radiation

The overall "average' U.S. doses from natural radiation can be
summarized as follows:

SOURCE : AVERAGE DOSE 'RANGE IN U.S.

Cosmic Rays . : 45 mrem/year 30 to 130 mrem/year
External Gamma Radiation 60 mrem/year 40 to 115 mrem/year
- ‘Internal Exposures 25 mrem/year' ———~—--F——l-7 ------

Tota1> | l 130 mrem/year
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XI.» Summary

N

Oné of the objectives of this paper has been to provide the
rea@er_with'an incentive to refiew the status of nuclear power gener-
ating plénté. Their location, growth, and operatign were discussed'
from the environment hazard.point of view. _ The problems of fuel

.handling;'fuel reprocessing, accidents, and wasteIStdrage were also
outlined; A brief discussion of the‘sourcés bf radiation exposure
was intended to point out those problem areas which require attention.

Various general meagurement considerations were described'for moni-
tofing radiation in the area and environment sufrounding a reactor.
Measurement'techniques used to determine concentration, dose,'and
hazard were briefly mentioned. Summary information on natural radia-
‘tion backgrounds was included to illustrate the '"signal to noise"
problem. Referencés were chosen based én their clarity and useful-
ness to the task at hand.

The use of an on-line compufer-controlled mOniforing system . -
allows programmable-calibration procedures, rapid response, and
aids in controlling the process. The primary consideration for
purchasing instrumentation for nuclear réactors is often price;
however, sensitivity; dynamic' range, calibration;‘énd accuracy
should receive higher priorities. In general, the instrumentation
nowvbeing used for gross>gamma and ;eutron measurements is adequate; -

As new guidelines require more specific determination of individual
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radionuclides, increased use of spectrum analyzers will be required.
It is unfortunate that_instrdmentation budget requests receive such
.- low priority, and seem to require a strong 1ega1 stimulus’for any

increases.

~

'The total average.natoral dose of 130 mrem/Year-correeponds to
" about 15 prem/hour; of this, aboot 105 mrem/yearv(~12 urem/hour)
is from coémic radiation and external sources.b This constant, irre-
dUCeahle background,valong with fallout radiation_ih some circum-
stances, can hinder dose measurements at external 1evels\significant1y
below a few ureﬁ/hour.'.ln particular, ‘one of the oiffieulties is
that the natural levels may have diurnal and seasonal fluctuatlons
‘due to meteorologlcal changes These varlatlons_can sometimes mask
the presence of small man—made_coﬁtributione to the total radiation
environment . Measurehents of the naturalibackground levels per se

: . y )
can be made today for most of the parameters of interest. An example
of instruhentation developed specificaliy for use in the enﬁiroﬁment
and for low-level measurementS'ié the pressurized;argoh ionization
chamber used by the U S.A.E.C. Health and Safety Laboratory (Ref 28)
F1na11y, measurements of man-made radionuclides in various samples
(e.g., rocks or 50115) can be slgnlflcantly affected by natural back-
ground activities'from,Such radionuclides as potassium-40 and the
heavy natural alpha-emitting chains. N | ,

‘

During normal operatlon env1ronmenta1 mon1tor1ng 1nstruments

need not concentrate on the "short-lived'" 1sotopes A ‘question that



- 42 -

must_be addressed is the assessment of how much (cufies), how long
’(half-life), how energetic (ehergy), how‘hazardous GﬁPC),-and how
probable is the release of each isotope.'vUnfortunately, a detailéd
quantitati?e calculation will never produce an abSélutely certain |
(answer for a specific case, only a béttér'estimate of the probability.
Hence, there is a reliance oﬁ fhe environmental monitoring program

of a reactor to predict future release probabilities and distributions.
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Days, (Burnup Is 33,000 Megawatt-Days per Tonne, with
Specific Power of 30 (LWR) and 58 (IMFBR). Megawatts
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TABLE 1. ° Radiocactivity Found in Envirorment During Radiclogical Surveillance Studies (Ref. 9)_

Study Location

Environmental Sample

Radionuclides

BWR external radiation
“from gaseous effluent _
aig ' _133Xe,135Xe,13BCs
cattle thyroids ST ()
snow 89Sr (7) ¢
field corn’ 137¢s () ‘
effluent water 5°Co,‘°Co,°95r;9°Sr,
B ]311,13sz,137Cs,1“°Ba
( sediment $8Co,®%C0,%%r,134Cs,
13705 14o0py
PWR external radiation

from waste storage tanks

effluent water 34
R water moss S“MH,SBCO,GOCO
dead leaves ' §9Co (7)
sediment S“W’GOCO’IZSSb’137CS
Fuel Reprocessing ‘air TR

effluent water
sediment

deer meat
deer thyroid

fish flesh

SH,GOCO’SOSr’IOSRu’

IZSSb,l_37CS

SOCO’?OSr,IOSRu,ISQCS’

137Cs 238I)u 239Pu
) ’ s

3H’905r’13‘o\cs’137cs
1291

’

3H,6°Co,9°Sr,137Cs




TABLE 2. uonq Half-ILife Radiomuclices From L1qht Watér Nuclear Rzactors

Isotope Curies/Year Per 1000 MWe* Half-Life Pr1nc1pal Decay Mode (keV)
3 23.8-103 , - 12.4  years : . 18.6 max B
SiMn - B 303 days L 835 y
S8Co S : 71 days 474 max B+
: , : . . ' ‘ 810 Y
$9Co | ~ 5.25 years o3 v o
. : | : 1332 2
BSKr . , 386+ 10° ‘ 10:76 years 670 max 8
5sr  3300-10° |. 52,7 days | = 1463 max 8
- 930Gy : 2640103 28.0 years v " 546 max g
‘”Ru/““Rh 14,100+103 : 367 . days 1 3g/3540 Max 8
1255, ' 280-10° - 2.7 years o 610 max B
resp - 1.3 | 17-108 years . 150 max 8-
1317 : 75 ) 8.05 days: : 364 y
1imye P | 11.8 days 1o 164y
13imye ' . - 2,26 days’ , 233 Y
133xe : , '5.27 days | 346 max B
135%e o . ' 9.1 hours 920 max B
, , o 250 -y
134cg " . 7350-10°  2.046 years 605 Yy
| \ . ‘ 796 Y
137cs » 3660-10° 1 730.0 years .. 661 Y
14983 14.8-10° : '12.8 days ' 1020 max B
238py - 97.10°8 86.4  years ' 5500 o, 72%
R \ 5460 . a, 28%
239p;, 11.4-10° ' 24,400 years | 5160 «, 88
- : . ‘ , © 5110 a, 125

*The amount of act1v1ty for a 1000 MWe light-water reactor, 329 thermal eff1c1ency, fuel ’
specific energy 33,000 MWt day/tonne, 100% load factor, using 34.5 _tonnes of total fuel
(fresh uranium) per year is calculated from: .

curies - (\curles ) ( 34.5 tonnes )
year tonne “year

after 150 days of cooling

The number of curies per year available at any typical new reactor (150 days after
the fuel is removed from the core) provides an indication of the amount of activity
of the various nuclides which will be.transported through the enviromment. .(See
Fuel Reprocessing Plants, Section V, Part C, Table 1.)
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Table 3. Radionuclide Content of Light Water Reactor (LWR)
Fuel Decayed 150 Days and Mized Core-Blanket -
Liquid Metal Fast Breeder Reactor (LMFBR)
Fuel Decayed 30 Days (Burmup Is 33,000 Megawatt-Days
per Tonne, with Specific Power of 30 (LWR)
and 58 (IMFBR) Megauatts per Tonne), -
from Referencé 10.

Conecentration . *
(curies/metric tonne)

. Concentration
(curies/metric tonne)

Muclide  In LWR Fuel  In IMFBR Fuel Muclide In LWR Fuel
3y 692 932 1311 C2.17
85K 11,200 10,200 1321 -
895y 96,000 637,000 133%e -
90gr 76,600 43,400 . 134cg 213,000
oy 76,600 43,500 136Cs, ©20.8
9ly. 159,000 921,000 137Cs 106,000
957 276,000 2,100,000 140By 430
9SNb 518,000 2,660,000 14013 495
99Mo - 1,810 141Ce 56,700
smre - 1,730 l44ce 770,000
9Tc. 14.2 , 14.9 143pr 694
C103py 89,100 -1,760,000 147Ng . 51.0
106Ry, 410,000 1,290,000 147pp 99,400
103mRp 89,100 1,760,000 149pp -
l11pg - 12,600 151gp 1,150
115mcq 44.3 269 152gy ©11.5
124g}, 86.3 76.7 155y 6,370
125gn ~20.0 6,720 160Th - 300
1255h 8,130 19,600 239N\p 17.4
125MTe 3,280 6,860 238py 2,810
127mre 6,180 61,100 239py 330
127T¢ 6,110 61,800 240py 478
129mTe 6,690 181,000 241py 115,000
129T¢ 4,290 116,000 241 Am 200
132T¢ - 4,170 2620 15,000
1291 0.038 0.053 2440 2,490

In LMFBR Fuel

139,000
© 4,300
74,400
29,000
28,800
109,000
523,000,
601,000
1,480,000
1,280,000
644,000
185,000
353,000

61.5

4,690

10.5
79,400
9,460
7,220
11,200
3,530
4,260
600,000
1,570
65,500
1,240
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* ' TABLE 4. Projected High-Level and Alpﬁb'Wbstes

(Ref. 8, Culler, Blomeke and Belter, p. 3.2-4)

Calendar Year Ending

1980 1990 2000 Unit
Installed nuclear electric capacity - 150,000 450,000 940,000 MY
Fuel reprocessed ’ 3,000 9,000 19,000  m tons/yr
Sol1d1f1ed high level wastea : : ) '
Annual volume 9.7 33 58 103 f¢3
Accumulated volume ‘ 44 290 770 10% f£t?
Total accumulated activity . 19,000 110,000 270,000 MCi
Total thermal power 90 410 1,040 MW
Significant isotopes accumulated, half-life N L ‘
30gr 28.9 years 960 5,700 12,000 MCi
137¢s . ' 30 years - 1,300 8,000 20,000  MCi
1291 ' 17,000,000 years 480 3,300 9,700 Ci
v’°5Kr ’ o 10.8 ‘years 120 690 1,500  MCi
°H - : 12.3 years 7.3 44 110  MCi
238py b 87.4 years 1.2 10 40  Mi
239py b _ . 24,400 years 0.02 0.3 1.7 MCi
2vopy b ' 6,600 years 0.04 0.5 2.4 MCi
261py b : 14.3 years 6.6 58 240 MCi
BEALY" T ' A 433 years .2.3 28 150 . MCi
AR ' 18.1 years 30 170 330 MCi
Number of shipments to repositories® 23 240 590
Alpha wastes . . X
Annual volume 0.36 " 0.92 © 2.5 -10° ft¥,
Accumulated volume 4.6 . .. 10.4 ©27.0 10° €t?
Total activity - - 31 . 150, - 420 MCi
Total thermal power ‘ - 0.03 00.17 0.66 MW
~Significant isotopes accumulated, half-life : '
23%py 87.4 years 0.51 2.6 MCi
239p, . 24,400  years 0.11 0.58 MCi
240py o 6,600  years 0.16 0.83 . 2.8 M
24lpy S 14.3 years 30 146 400 Mci
241 ‘ : - 433 years 0.14 1.0° < 6.6 MCi
Number of shipments to repositories 930 1,200 3,030
@ Assumes 1 ft® of solidified waste per 10,000 BﬁWl(th) ' '
b Assumes 0.5% of plutoniun in fuel is lost to waste. - d ' ’
€ Each shlpment -consists of 57.6 ft® of waste in thirty-six 6-in. dlam Lyllnders Half of

the waste 1s aged 5 years and half is aged 10 years at the time of its shipment.

d Each shipment contains 832 ft? of waste.
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-52-

Estimated Annual Cosmic .Ray and External Gamma Whole-Body Doses from.

Natural Terrestrial Radioactivity (Ref.' 17)

Average Annual Doses (mrem)

. Cosmic External Cosmic External
Political Unit Radiation Whole Body Political Unit Radiation Whole Body
. Alabama 40 70 New Jersey | 40 60
Aléska 45 --- New Mexico 105 70
IArizona 60 --- New York 45 6% .
rArkansas 40 75 North Carolina 45 75
California 40 50 North Dakota 60 -
Colorado 120 105 Ohio 50 65
Connecticut 40 60 Oklahoma 50 60
Delaware . 40 --- 10regon 50 ---
Florida 35 --- Pennsylvania 45 55
Georgia 40 --- Rhode Island 40 65
Hawaii 30 “--- South Carolina 40 70
Idaho 85 “-- South Dakota 70 115
I1linois 45 65 Tennessee 45 70
Indiana 45 55 Texas 45 30
Towa 50 60 Utah 115 40
Kansas 50 --- Vermont '50 45
Kentucky a5 - Virginia 45 55
Louisiana TR 40 Washington 50 -
Maine 50 75 West Virginia 50 ---
Maryland 40 55 Wisconsin 50 55
Massachusetts 40 75 Wyoming 130 90
Michigan 50 --- B e e e e e e
Minnesota 55 70 Canal Zone 30 -
1Missi$sippi 40 65 Guam 35 ---
Missouri as --- Puerto Rilco -.30 ---
Montana 90 --- Samoa 30 ---
Nebraska 75 S5 Virgin Islands 30 ---
Nevada 85 40 District of Colwibia 40 55
New Hampshire 45 65 Average for U.S. B 45 60
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TABLE 6 :
Estimated -Average Annual Internal Radiation Doses

From Natural Radioactivity in the United States  (Ref. 17)

o\

‘Annual Doses (mrem)

Radionuclide* . Whole-Body _Endosteal Cells ~ Bonc Marrow
*H | 0.004 : | 0.004 . - 0.004

1ee B 1.0 - . 1.6 | 1.6

g 17 | ﬂ 8 : 15

Rp. 0.6 0.4 0.6
P21°Po ' . 3.0 '_ v 21 3.0
222py | 3.0 o 3.0 3.0
226py - . 6.1 0.3
226p, | - 7 0.3
Total B ~25 oy ~24

* Other natural radionuclides would contribute to doses but.SUCH a small
fraction that they would not affect the totals within the accuracy of
these estimates. As an example, doses from SH are shown here.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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