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LEGAL NOTICE ---------. 

This report was prepared as an account of work sponsored by the 
Uni ted States Government. Neither the United States nor the Depart
ment of Energy, nor any of their employees, nor any of the ir con 
tractors, subcontractors , or the ir employees, makes any warranty, 
express or implied, or assumes any lega l liability or responsibi l ity for 
the accuracy, completeness or usefulness of any information, appa
ratus, product or process disclosed, or represents that its use wou ld 
not infringe privately owned rights. 
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Techniques for Monitoring Plutonium in the Environment 

Anthony V. Nero, Jr. 

Lawrence Berkeley Laboratory, University of California 
Berkeley, CA 94720 

INTRODUCTION 

Plutonium is one of the principal materials of both commercial 

and military nuclear power. It is produced primarily in fission 

reactors that contain uranium fuel, and its importance arises from 

the fact that a large portion of the plutonium produced is fissile: 

like uranium 235, the mass 239 and 241 isotopes of plutonium can be 

caused to fission by neutrons, including those with low energy. 

Because such fission events also release neutrons, substantial amounts 

of energy can be extracted from plutonium in a controlled or an explosive 

nuclear chain reaction. 

Now that commercial nuclear reactors provide a noticeable 

fraction of United States (and world) electrical energy, these 

reactors account for most plutonium production. For the most part, 

this material now remains in the irradiated fuel after removal from 

reactors, but should this fuel be reprocessed, the plutonium could be 

recycled to provide part and even most of the fissile content of 

fresh fuel. For the current generation of water-cooled reactors, the 

amount of plutonium to be recycled is substantial. In fast breeder 

reactors, designed to produce more fissile material than they destroy, 

considerably larger quantities of plutonium would be recycled. In 

other types of advanced reactors, particularly those which depend 

heavily on thorium as the material from which fissile material 

(primarily uranium 233) is produced, the amount of plutonium to be 

handled would be considerably reduced. 

Because plutonium is a highly toxic substance, great care is 

taken to contain it at the sites and facilities where it is stored 

or handled. In addition, it is necessary that devices be available 

to monitor any releases from these facilities into environmental 

media and to measure concentrations of plutonium in these media. 

The radiation protection standards are so strict for plutonium that 

only small releases and low concentrations can be tolerated. Such 

considerations, discussed in the next section, require that monitoring 

instrumentation be extremely sensitive. 
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The hazard from plutonium arises largely from the alpha 

particles emitted during radioactive decay. The most sensitive 

plutonium monitoring devices are based on detection of this 

radiation and are used for air monitoring and for measurement of 

plutonium extracted by radioachemical analysis of water, soil, and bio

logical samples. Instruments for area surveyor for monitoring of 

human subjects often utilize the electromagnetic radiation (x-rays or 

gamma rays) which follow radioactive decay. Less often used techniques 

for plutonium monitoring include activation and electrochemical methods. 

Other techniques, such as mass measurement, are possible but not 

developed. It is worth noting that, for the most part, the techniques 

for monitoring plutonium may also be used for monitoring other nuclear 

materials, including transuranics that may be associated with plutonium. 

Techniques for monitoring plutonium have been reviewed previously.l 

This article is based largely on work performed in connection with 
, . 1 . 2,3 Lawrence Berkeley Laboratory s Survey of EnVlronmenta Instrumentatlon. 

Detailed information on the properties and uses of plutonium may be 

found in references 4-14. 
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2. FUNDAMENTAL MONITORING CONSIDERATIONS 

2.1 Properties of Plutonium 

The plutonium isotopes of greatest importance are those with 

mass number 238 to 242. Decay properties of these isotopes are 

given in Table 1. 24lpu has the shortest half-life of these, 13 

years; the properties of its decay daughter, americium 241, are also given 

since survey instruments often monitor this isotope as a plutonium 

indicator. The other isotopes in Table 1 have half-lives from about 

10
3 

to 105 years, so that after production they persist for long 

periods of time. However the hazard presented by radionuclides is 

determined, not only by the toxicity of the nuclides being considered 

and by the amount produced in reactors, but also by the type of 

daughters arising from decay of reaction products and by the pathways 

which radionuclides can take to humans. 

Plutonium in commercial nuclear power operations could have 

several chemical forms. The most probable form for nuclear fuel is 

the dioxide. Like the uranium dioxide now used as fuel for light-

water reactors, Pu02 is a ceramic that is relatively insoluble; the 

difficulty with which a sample can be brought into solution makes it rela

tively inaccessible to human beings; the primary hazard from the alpha

emitting isotopes, those of most concern, arises from the possibility 

of inhalation. However, low solubility also introduces difficulties 

for monitoring methods which require dissolution of a bulk sample. 

On the other hand, in some circumstances plutonium may be present in a 

more soluble form than the dioxide; in this case, it can become 

accessible to humans via water-based pathways and, moreover, it can 

cause damage at lower concentrations. 

The dependence of toxicity on solubility arises from differences 

in uptake and retention. Airborn soluble plutonium can reach the 

bloodstream by passage across the lung mucosa; in water it is absorbed 

from the gastrointestinal tract. In either case, it is largely deposited 

on bone surfaces, where its potential for causing cancer is deemed greater 

than that of radium. Reducing the solubility of the plutonium decreases 

the amount deposited in bone, so that the critical organ becomes the site 

of direct exposure, the lung or GI tract; however, for insoluble plutonium 

deposited in lungs, substantial amounts find their way to the pulmonary 

lymph nodes, which may therefore be the most sensitive site. 
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* Table 1. Properties of the Plutonium Isotopes 

Isotope 

237pu 

239p u 

240p u 

* 

Half-Life 

2.85 yr 

0.12 yr 

86 yr 

. 6580 yr 

13.2 yr 

5 3.8 10 yr 

433 yr 

Immediate Daughter 
(Half-Life) 

232U(72 yr) 

237 6 
Np(2.l x lO yr) 

241Am (433 yr) 

237 6 Np(2.1x10 yr) 

Main Decay Radiation 
and Energies 

69% 5.77 MeV a 
31% 5.72 MeV a 

electron capture 

72% 5.50 MeV a 
28% 5.46 MeV a 

73% 5.16 MeV a 
15% 5.15 MeV a 
12% 5.11 MeV a 

76% 5.17 MeV a 
24% 5.12 MeV a 

S (0.031 MeV maximum) 

76% 4.90 MeV a 
24% 4.86 MeV a 

86 % 5.49 MeV a. + 60 keV y 
13% 5.44 MeV a 

For more detailed information, see ref. 15. For isotopic composition 
of spent reactor fuel, see Table 3. 



o . 

",.j ') U ''') 
\, 

4 

-5-

Sec references 4--8 for further discussion. 

2.2 Radiation Protection Standards 

Consideration of these pathways for plutonium and of the effect that 

decay can have on humans has led to the radioactivity concentration 

guides given in Table 2. These specify concentration limits for air and 

water which would lead to the maximum permissible occupational exposures 

were workers exposed to these concentrations for 168 hours per week. 

Practical occupational limits are obtained by dividing these limits by 

the portion of the week actually worked. On the other hand,guides for 

individual members of the general public are one tenth those given in 

the table; for population groups, the guides are lower again by a 
16 

factor of three. Plutonium particles may be difficult to monitor 

effectively at such low air concentrations simply because of the discrete 

nature of the activity: a substantial time may be required for a 

sampler to collect even a single particle. 

For the alpha-emitting plutonium isotopes, the concentration guides 

are d . d f " h 226R d' d h 'f h erlve rom a comparlson Wlt a an lts aug ters 1 t e 

plutonium is in soluble form. This leads to the "soluble" limits given in 

the table and also to a maximum permissible occupational body burden of 

0.04 ].lCi for the (soluble) alpha emitters shown (as compared with 0.10 

].lCi for 226Ra). The limits for insoluble plutonium are based on more 

general criteria for dose limitations, such as those which limit whole body 

exposures to ') n~m pRr year for radiation workers, 0.5 rem/year for members 

of the public, and 0.17 rem/year for population groups16 or which have 

limits a factor of three higher for specific organs, including the lung. 

The maximum permissible insoluble plutonium lung burden corresponding 

to the occupational exposure of Table 2 is 0.016 ].lCi. 

In practice, more specific limits apply to environmental emissions 

from commercial nuclear power operations. The Nuclear Regulatory 

Commission, in its review of licensin£ auulications for li£ht-water 

reactors, uses £uidelines which tvuically limit resulting exposure 

of members of the £eneral uublic to auuroximatelv 0.005 rem/year; 

about one percent of the dose limitations given above. In addition 

the Environmental Protection Agency has begun to develop standards 

which apply to the nuclear fuel cycle; for uranium-fueled light-water 
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reactor power plants, the Code of Federal Regulations, Title 40, 

Part 190, places a limit on total fuel cycle emissions of 239pu 

and other alpha-emitting transuranics of 0.5 millicuries per gigawatt 

(electric)-year. Standards for facilities using recycle plutonium 

have not yet been developed. More recent EPA regulations apply to 
, h ... fl' . d 17 C exposures ln t e vlclnlty 0 p utonlum-contamlnate areas. on-

sideration has been given to formulation of concentration standards 

f 'I 18 I h b d l9 h . , or SOl . t as also een pr?pose t at waste streams conta:l.n1ng 

more than 10 nei/gm of plutonium and other long-lived transuranics be 

treated as transuranic wastes. 

The standards for other alpha-emitting activities are often as 

stringent as those for plutonium. Many of these would have to be 

monitored at the same locations as plutonium and, indeed, many moni

toring techniques apply equally well to these radionuclides. Of 

particular interest where plutonium is concerned is americium 241, 

the daughter of 24lpu (a beta emitter). Plutonium 241 has a short 

half-life (13 years) and, within only a few decades, can contribute 

f 24lA ., h' bl h 1 h .. t' an amount 0 m actlvlty t at lS compara e to tea p a actlvl les 

initially present in many plutonium mixtures. 

Plutonium does not occur naturally in significant quantities. 
238 

239pu is produced primarily by neutron capture on U, followed by beta 

decay of 239U and its daughter, neptunium 239; heavier isotopes are 

produced largely by subsequent neutron capture on plutonium itself. 

238pu is produced by a sequence of neutron captures beginning with 

235U. Production of plutonium occurs almost entirely in nuclear 

reactors, whether commercial, research, or military. The isotopic 

mixture varies substantially, depending on the type of reactor and 

on the purpose (if any) for producing the plutonium. Table 3 indicates 

the amount and composition of plutonium that would be produced in 

commercial nuclear power plants of several types. As will be seen below, 

the efficacy of plutonium monitoring techniques can depend strongly on 

the isotopic mixture that is being observed. Many of the currently 

available techniques have, in fact, been developed for use with weapons 

grade plutonium, which is produced in such a way as to minimize the 
240p ' h" 1 l' u Slnce t 1S 1sotope re eases re at1vely many spontaneous neutrons, 

making efficient detonation of a weapon difficult. As a result, a 
'1 1 ' f h f 11' . 18 93 6 239p typ1ca samp e cons1sts 0 teo oW1ng m1xture: . percent u, 
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Table 2. Maximum Permissible Concentrations for Plutonium, 
Radium, and Americium (168 hour occupationala) 

ISOTOPE 

238,239, 
240,242pu 

241Am 

soluble 

insoluble 

soluble 

insoluble 

soluble 

insoluble 

soluble 

insoluble 

MPC . MPC ----fllr --water 

0.6 (bone) 0.05 (bone) 

10 (lung) 0.3 (GI) 

10 (bone) 0.0001 (bone) 

20 (lung) 0.3 (GI) 

30 2 

104 10 

2 0.04 

40 0.3 

aConcentration limits for occupational exposures may be obtained by 

dividing the stated MPCs by the percentage of hours in a week actually 

worked. Limits for individual members of the general public are one 

tenth the stated MPCs; for populations, the limits are 1/30th the 

MPCs shown. (For the plutonium and radium alpha emitters, the 

critical organ is shown.) See Code of Federal Regulations, Title 

10, Part 20. 
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Table 3. Typical Isotopic Composition of Plutonium Extracted 
from Nuclear Power Plantsa (each entry gives isotope, mass in 

kilograms radioactivity in Curies) 

Light-water reactor 

% 

2382.4 
239 58.4 
240 24\0 
241 11. 2 
242 3.9 

100 

fueled withrtatural plus 

kg Ci 

6 1. 0X10~ 
142 8.7 XI04 59 1.3xlO 

27 2.8Xl06 
10 3.7~101 

244 1. 2xlO~ C~) 
2.8xlO CS) 

recyCle utanium 

Light-water reactor fueled with natural uranium plus recycle plutonium 

% kg Ci 
- 5 

238 4.2 41 6.9xlO 
239 38.7 380 2.3xlO~ 
240 27.5 270 6.0XlO 
241 18.1 178 1. 8xl07 
242 11.5 113 4.4xl02 

100 982 7 .8xlO\~) 
1. 8xl07 (13) 

Liquid-metal fast breeder reactor fueled with depleted uranium 
plus recycle plutonium and uranium 

% kg Ci 
-

238 0.1 1.4 2.4Xl04 
239 71. 7 1460.6 9.0xl04 
240 25.1 510.8 I.l xl05 

241 2.4 48.4 4.9xl06 
242 0.8 15.5 6.0xlO 

100 2037 2.3xl05(~) 
4.9xl06 (S) 

aYearly masses and radioactivity from fuel reprocessing for 1000 MWe 
plants (80% plant factor), assuming 150 day decay time, except for 
LMFBR, which assumes 30 days. Taken from ref. 9. 
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5 9 240p 0 4 24lp 0 . 242 . percent u,. percent u, .01 percent Pu and 0.01 

percent 238pu . Note that mixtures from commercial reactors (Table 3) 

contain considerably more of the isotopes other than 239. 

The bulk of the world's plutonium inventory is contained in nuclear 

weapons, in nuclear reactors, and in materials associated with weapons 

and reactors. Environmental plutonium originates from these inventories: 

from nuclear weapons already exploded, from leakage at facilities which 

handle or process plutonium, or from special events such as the destruction 

(during takeoff) of a plutonium-bearing satellite. Nuclear explosions, 

including atomspheric tests, have contributed about 440,000 Ci of 
238 239 240 .. , , Pu to the worldwlde plutonlum inventory (in an activity ratio 

of about 3:58:39). The burnup during 1964 of a satellite with a power 

cell deriving its energy from 238pu decay contributed about 17,000 curies of 

this isotope to the global inventory. Plutonium handling facilities are 

k h 1 d h d f 1 O · ff' . 20 nown to ave re ease on t e or er 0 curles to 0 -slte enVlronments. 

The bulk of this inventory was injected into the atmosphere in the 

mid-1960's, and this fact is reflected in the measured air concentrations 

and soil deposition rates. For example, during the 1970's concentrations of 

239pu in surface air at New York City have been 0.1 x 10-18 Ci/liter or less, 

as compared with a peak value of 1.7 x 10-18 Ci/liter for 1963. 20 The 

latter was one tenth of the soluble plutonium concentration guide for 

large populations. As indicated, since 1963 measured concentrations have 

decreased substantially. Even at a given time, concentrations may vary 

by an order of magnitude from one place to another. Deposition rates 

have followed a similar pattern with the highest value, 0.6 nCi/m2, 

occurring for 1963. Cumulative deposition in surface soils of the United 

States varies from 0.7 to 2.4 nCi/m2,20 depending on the state, except 

that results are higher for Nevada due to the presence of the Nevada 

Test Site. Most of this activity is contained in the top 5 cm of soil. 

Typical concentrations in surface soils are about 0.05 pCi/gm,20 about 

1 percent of the natural activide activity (due to uranium and thorium), 

which in turn comprises about half of the natural alpha activity in soil. 

In the vicinity of nuclear facilities or of nuclear testing, concentrations 

can be much higher. For example, about half of several curies released 

from the Rocky Flats plutonium facility is present at areal concentrations 

between 10 and 2000 nCi/m2. 2l Many portions of the Nevada Test Site have 
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239pu soil concentrations of 100's or 1000's of pCi/gm. 22 In such areas, 

air concentrations can easily reach the general public concentration 

guides (see ref. 23); resuspension from plutonium-bearing soil may be 

an important contributor to air concentrations in such areas. 24 Individ

uals who spend large amounts of time in the vicinity of such facilities 

have the potential for accumulating the permissible body burden. In 

practice, only a few radiation workers have received such burdens. 

General public body burdens of 239pu were found to be a few pCi in 
25 

1970-71, . about a factor of 300 below the maximum permissible burden 

for populations. These burdens were accumulated primarily from inhalation 
26 of airborne plutonium; due to low plant uptake concentrations in food 

are about one millionth the general public limits for water. 

2.3 Monitoring Objectives 

Monitoring techniques may depend strongly on applicable standards 

and on the conditions of monitoring. In the discussion that follows, 

this dependence will often be apparent, but it is useful to note some 

specific considerations: 

1. Because radiation protection standards depend on the environ

mental medium, the sensitivity required will also vary; on the 

other hand, the basic monitoring technique can depend on 

medium because the range of the principal radiations associated 

with plutonium depends on the density of the medium. 

2. The sensitivity sought often determines the time required to 

make a measurement; this time may be substantially lengthened 

if the technique requires chemical separation or if it is 

sensitive to other radionuclides than plutonium. 

3. Both sensitivity requirements and time limitations depend on 

the conditions of monitoring--whether occupational or general 

public and whether routine or emergency. 

A severe requirement on monitoring sensitivity is imposed by the 

fact that the radioactivity concentration guide for air in areas accessi

ble to members of the general public is 6 x 10-17 Ci/£ for soluble plu

tonium, the more restrictive form. A liter of air with this concentration 
-16 

will contribute only 2 x 10: decays per second, so that many liters 

have to be sampled to achieve useful counting rates. 
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3. AIR MONITORING 

The alpha particles associated with decay of plutonium isotopes 

are the signatm"e used in monitoring for airborne plutonium. The 

universal technique is to collect the activity by pumping air through 

a filter. This filter typically collects at least 99 percent of the 

plutonium in the sampled air. Alpha particles may then be detected as 

they are emitted from this medium (as suggested in Figure 1) or the 

plutonium may be chemically separated from the filter medium and 

deposited on a substrate suitable for more precise measurements. 

Fundamental considerations in these techniques are the alpha 

spectra from plutonium decay as well as the spectra from interfering 

activities. Figure 2 shows alpha energies and relative strengths for 

each of the plutonium mixtures of Table 3. It also indicates the position 

of important background alpha groups arising from daughters of radon 222, 
238 

part of the U decay series. The less important radon 220 (also 

called " t horon") daughters, part of the thorium 232 decay chain, are 

also shown. Isotopes of polonium are the most serious background 

since they attach themselves to particulates, which are then collected 

on air filters. Radon typically occurs at concentrations of 0.01 to 

1 II " * f . 25 f b h "d f pCi lter in sur acealr, ar a ave t e concentratlon gUl es or 

plutonium. The general public concentration guide for radon is 1 pCi/ 

liter, as compared with the soluble plutonium guide of 6 x 10-5 pCi/~. 
Because of the comparatively high ambient concentration of radon 

daughters, measurement of the total alpha activity can ordinarily only 

put an upper limit on plutonium concentrations. 

The more useful air monitoring techniques discriminate Against 

background alpha activities, particularly the radon daughters. The 

remainder of this section treats three techniques which leave the 

collecting filter intact: direct alpha spectroscopy, lifetime analysis 

(including holdup), and associated a-B discrimination. Radiochemical 

analysis of filters is treated immediately thereafter. 

3.1 Direct Alpha Spectroscopy 

Because filters do not collect radon gas efficiently, it is clear 

from Figure 2 that alpha spectroscopy, measurement of the energy of emit

ted alpha particles, can discriminate against natural background,provided 

* Concentrations may be considerably higher inside structures built with 
concrete and similar materials; see ref, 25. 
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the monitoring system ~as sufficiently good energy resolution. In a 

typical system, a semiconductor detector is used to measure the energy 

and--because of the detector arrangement for direct measurement from 

air filters--resolution is hundreds of keV, ll'ather.~·than the tens of 

keV often available from such detectors. As a result, the 6.0 MeV groups 
218 

from Po (also known as radium A) can interfere with measurement of 

plutonium, even of the 239pu 5.1 MeV alpha groups; this is indicated 
27 in figure 3, taken from early work. The alpha activity of commercial 

mixtnres of plutonium, and also of 24lAm , would be even more difficult 

to measure becaus'e the dominant alpha groups are at 5.5 MeV, even 

closer to the 218po (Ra A) group. The most useful plutonium monitoring 

s:ystems have some method of discrimination, however crude. 

Monitoring systems from commercial manufacturers are available 

both as continuous monitors, where the detector system operates while 

the air sampling occurs, and as off-line monitors, where a filter from 

a separate sampling unit is inserted into a counting instrument. Sampling 

rates are typically 50 to 100 ~/m. The filter is most often 47 mm diameter, 

and the detector is usually a large area (up to 750 mm2) diffused junction 

or surface barrier detector, arranged as suggested in 'Fig. 1. Commercial 

units are usually small and self contained, except for the vacuum pump. 

Rather than accumulate an energy spectrum such as Figure 3, they ordin

arily count the alphas within some preset energy "window" corresponding 

to the is:otope (s) of interest. 'Many units compensate for the presence 

of. a, portion of the 218po decays in this window (due to various energy 

degrading processes), often by making a subtraction proportional to the 

number of counts in a 218po window. Such units can detect a 40-hour 

occupational concentration limit (2 x 10-15 Ci / l ) in a few hours~8 (In 

h h d h 220 d h . . f" t e event t at aug tel'S of Rn, also calle t oron, present slgn1 1-

cant background, the same set of Windows may be used for background com

pensation. The primary "thoron" interference arises f;vom decay of 

bismuth 212, with alpha particle groups at 6.05 and 6 . .09 MeV, close to 
218 

the Po group.) 

Because of the relatively poor resolution of such systems, the 

semiconductor detector subsystem may be replaced by a gas proportional 
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counter. This may be particularly useful for large filter areas. On 

the other hand, it is possible to improve the resolution and sensitivity 

of semiconductor systems by using evacuated counting chambers to reduce 

the energy spread of detected particles caused by energy loss in air, 

and by using more sophisticated data analysis techniques, including 

lifetime analysis, to discriminate against radon daughters~8 Finally, 

the presence of other alpha-emitting species, such as curium, can comp

licate these low resolution techniques by contributing alphas to either 

the foreground of background windows. 

3.2 Lifetime Analysis 

The fact that the radon daughters detected in plutonium measure

ments are very shortlived can be used to discriminate against them. The 

sequence of interest is: 

The most primitive time discrimination technique simply holds up counting 

in a spectroscopic system until a large portion of the 2l8po has decayed. 

Each half hour of holdup reduces the amount of 2l8po on a filter by a 

factor of 1000, provided 222Rn has not been adsorbed. A more sophisticated 

technique would use lifetime analysis to separate the short-lived (radon 

daughter} and long-lived (plutonium or other transuranic) activities. In 

particular, th,e 3-minute 218po activity can be distinguished by counting 

in consecutive time intervals and observing the decrease in the count ;rate 

in the plutonium window. However, if the thoron daughters are present in 

significant amount, a somewhat more complex discrimination scheme must be 

d b f h f 212 B . f h' . bt t . f use ecause 0 t e presence 0 1; or t lS lsotope, a su rac lon 0 

the 6.1 MeV alphas that appear in the plutonium window may be performed 

based on the 8.78 MeV alpha group from 2l2po , a daughter of 2l2Bi . In 

general, for any mixture of thoron and radon daughters, the incorporation 

of lifetime analysis into a spectroscopic system can determine the daughter 

activities;8-32substantiallyimproving the sensitivity for detection of 

plutonium and other long-lived transuranics. A system under development 
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at Lawrence Livermore Laboratory uses these techniques to measure a 

40-hour concentration of plutonium in 30 minutes, an order of magni-

tude better than the simpler commercial monitoring systems~8 The LLL 

system has a continuous filter strip that collects activity on one area 

and is then stepped into an evacuated counting chamber; while countjng 

occurs, collection takes place on the next portion of filter. The system 

samples air at 566 liters/minute, and separating the chambers protects 

the array of semiconductor detectors from the sampled air, which--in a 

reprocessing plant--could be highly corrosive. Evacuating the counting 

chamber improves the energy resolution by about a factor of 5. The 

counting period is divided into two parts to discriminate against 218po 

counts in two windows: one for plutonium and americium (4.8 to 5.5 MeV) 

and one for curium (5.6 to 6.8 MeV). 212Bi is subtracted on the basis 

of counts in a 212po window (8.0 to 8.8 MeV) if necessary. 

3.3 Associated a-S Measurements 

In the associated S method, alpha counts due to radon and thoron 

daughters are estimated by observation of the S rays that effectively 

accompany the alpha decay of 214po and 212po . These nuclides are formed 

by S decay and, because of their short half-lives (164 and 0.3 II s:ec 

respectively), almost immediately alpha decay. Observation of a-S 

coincidences may be used to estimate the amount of radon and thoron 

daughter:'activity that should be subtracted. Instruments employing this 

technique33 - 36 typically count alphas with a scintillator-photomultiplier 

counter and betas with a scintillation counter or Geiger-Muller tube. 

Subtracting a weighted a-S count rate from the alpha count rate (:without 

energy information) may suffer .from several difficulties: if there is 

a large radon background, it will be necessary to subtract two large 

numbers, yielding a very uncertain smaller number; the relative detector 

efficiencies must be well known; the relative amounts of members of 

each decay chain must be known, since--in each case--only one member is 

measured. Some of these difficulties would be alleviated by incorporating 

a-S subtraction in an alpha spectroscopic system. However, because of 

the difficulties in making a reliable subtraction, this method is not 

widely used. 



0 "i " ~ ') J \-1-4 .~j 
, ) 

-15-

4. RADIOCHEMICAL ANALYSIS OF AIR, WATER, SOIL, AND BIOLOGICAL SAMPLES 

Chemical separation of the transuranic elements from the matrix 

in which they are found has two advantages: these activities can be 

separated from one another and from background activities, particularly 

the uranium and thorium decay chains; for bulk samples, chemical separ

ation removes the matrix that would interfere with'detection of alpha 
-3 particles. Alphas of a few MeV have a range on the order of 10 cm, 

and any sample with more than a small fraction of this thickness will 

, seriously degrade energy resolution. Radiochemical analysis is usually 

followed by electrodeposition of a thin layer of the radioisotopes, 

permitting high-resolution alpha spectroscopy. 

For off-line plutonium monitoring, this approach leads to the 

highest sensitivity, although it has the disadvantage that substantial 

time, equipment, and technical competence are required for thedissolu

tion, separation, and counting procedures. Sample preparation depends 

on the type of sample, but the counting arrangement is relatively inde

pendent. Semiconductor detectors of the sort used in the direct alpha 

monitoring discussed above are employed, but the system may 

be designed for much higher resolution, even tens of keY, by use of 

evacuated. counting chambers and very thin deposition layers. 

A serious condition for the effectiveness of radiochemical analysis 

is that the plutonium or other activity of interest actually be dissolved. 

Pired plutonium dioxide, the principle form for commercial nuclear power, 

is notoriously insoluble.
37 

For this reason, vigorous dissolution tech

niques are often appropriate. A second condition is that the technique 

be effective in extracting very small amounts of plutonium: a picocurie of 

LWR plutonium has a mass of about 1 picogram. The efficiency of pluto

nium extract ton and deposition is often checked by the addition to the 
. 236 242 sample of a "tracer", typically a known quantlty of Pu or Pu, 

neither of which contributes substantially to the activity of either 

reactor or weapons plutonium. The alpha groups from these isotopes can 

be resolved from those of 238, 239, 240pu in a high-resolution system, 

providing a measure of the extraction efficiency, assuming the tracer 

and the "unknown" plutonium activity are equally well dissolved. It 

is also appropriate that sufficient tracer be added that counting 
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statistics on the tracer groups does not degrade the precision of the 

final result. 38 

Two classes of chemical separation are used: total dissolution 

techniques,.which bring the entire sample into solution, and leaching, 

which selectively extracts the substance(s) of interest from the sample 

matrix. Leaching is the less vigorous approach, hence more liable to 

error; this technique should be checked by total dissolution. Samples 

are typically leached or dissolved with nitric acid plus some combina

tion of hydrofluoric, hydrocholric, and perchloric acids. Specific 

elements are often extracted from the resulting solution by ion exchange 

techniques. Carrier solutions are then prepared for electrodeposition 

t 1 h h · h . b b d . 1 h 39-41 on 0 a p anc et w lC may e 0 serve ln an a p a spectrometer. 

Also used is a total dissolution method for soil samples which, after 

an initial treatment with nitric and hydrofluoric acid, utilizes a high

temperature "fusion with anhydrous potassium fluoride" and subsequent 

"pyrosulfate fusion" to dissolve the sample completely; separation pro

cedures lead to three fractions ready for electrodeposition: thorium; 

protaotinium, uranium, neptunium, and plutonium; americium, curium, and 

1 · f . .42 ca 1 ornlum. 

With careful high-resolution alpha spectrometry, positive identifi

cation of particular radionuclides is possible with only a few counts in 

the corresponding alpha peak(s). For an hour-long counting period this 

impIiesminimum sensitivity on the order of 0.2 pCi, the amount that an 

air filter collects in an hour at one liter/sec if plutonium is present at the 

general public concentration limit of 6 x 10-17 Ci/liter. In contrast, 

the alpha air monitors described in Section 3 have sensitivities on the order 

of one hour at the occupational concentration of 2 x 10-15 Ci/liter, 

corresponding to a collected activity of 8 pCi or more. Longer counting 

periods, of course, improve the sensitivity of radioachemical analysis. 

For media other than air, the available sensitivity is more than adequate: 

the general public concentration limit for plutonium in water is 50,000 

pCi/Ii ter. :-Jin any case, the primary disadvantages to radioachemical 

analysis are the time, equipment, and personnel required. For many 

applications, waiting many hours or days for analytical results is 

not practical. 
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5. FIELD SURVEY AND PERSONNEL MONITORING 

In many circumstances, a relatively rapid determination of the 

radionuclide content of a sample or an area is required. This ordinar

ily precludes complex chemical analysis; on the other hand, direct 

measurement via alpha particles is impractical because of the short 

range of a1pha'partic1es in matter. The electromagnetic radiation 

which often follows alpha decay is a much more appropriate signature 

because it is less seriously degraded by passage through bulk material. 

This radiation includes both x-rays and gamma rays, emitted frorridecay 

daughters left in an atomic or nuclear excited state. 

Atomic excitations of uranium, the daughter of plutonium alpha 

decay, yield L x-ray lines at 13.6, 17.3, and 20.2 keV,43 which may be 

d f .. . 0 238 d use or monitorlng plutonium since they follow l4?o of Pu ecays, 

5% o£ 239pu , and 12% of 240pu .43,44 Gamma rays following plutonium 

decay' are rarely used for monitoring because of their much lower branch

ing ratios; for 239pu , the most prominent gamma ray, 52 keV, is only 

a 0.02% branch. 

241pu decays to 241Am ; decay of 241Am has a 37% probability of 

producing Lx-rays (13.9, 17.8, and 20.8 keV) , and 36% probability of 
43 leading to a 60 keV gamma ray. Depending on circumstances, this iso-

tope may be used as an indicator for plutonium or--if the ratio of 

plutonium to americium is not known--it may constitute an interfering 

activity. 

An important consideration in photon spectrometry is the geometry 

of the detector relative to the source. Detectors can typically average 

over a large area, unless collimators are employed, and interpretation 

of results depends on this averaging, on the isotopic composition 

of the contamination, and on its depth distribution in the survey area. 

5.1 Photon Spectrometry with Scintillation Detectors and Gas Counters 

Rapid area surveys are often performed with portable instruments 

based on thin large-area scintillation detectors, most often NaI(Ti) 

crystals. The most straightforward version of such an instrument couples 

such a crystal to a photomultiplier, allowing energy analysis of radiation 

interacting with the,crysta1. The archetype of this instrument, designed 
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for monitoring of plutonium ground contamination by observation of 

americium photons, is the FIDLER (Field Instrument for Detection of 

Low Energy Radiation)45 which uses a 12.7 cm diameter, 0.16 em thick 

crystal. Energy windows are set around 17 and 60 keV, the principal 
241 

Am photon groups. In practical applications, the sensitivity of 

the FIDLER is found to be a few hundred nCi/m2 of 24lAm 46although 

lower minimum detectable area distributions have been cited. Similar 

instruments have been developed based on a CaF2 (Eu) 

More sophisticated systems have been developed 

background due to high energy photons which deposit 

. OIl 47,43 SClntl ator. 

to help eliminate 

only part of their 

energy in the thin scintillator. In the "phoswich" detector, illus

trated in Figure 4, a thin NaI(Tl) detector is backed by a thick CsI(Tl) 

detector, which stops high-energy photons. CsI(Tl) has a longer decay 

time than NaI(Tl), so that its signal may be used to suppress the high

energy photon background in the thinner detector. This system has ordin

arily been used for plutonium lung assays, in which circumstances sophis

ticated detectors and shielding arrangements are feasible. Under these 

circumstances the phoswich detector can reduce background by factors of 

three or more and achieve sensitivities better than the roughly 6 nCi 
239 ° ° 48 minimum detectable Pu achlevable wlth an unbacked NaI(Tl) detector .. 

Recently a portable survey instrument has been developed using a 
49 phoswich type detector, making a similar reduction in background as 

compared with the FIDLER. 

Detectors relying on photon-induced ionization in a rare gas yield 

somewhat better resolution than thin NaI detectors. Large-area gas 

proportional counters have been used for plutonium lung assay, yield

ing minimum detectable 239pu activities of 6 nCi and resolution of 13% 

at 13.6 keV. 50 ,5l Gas proportional scintillation (as opposed to charge) 

counters have recently achieved considerably better resolution, about 

7% in the Lx-ray region,52,53 and may be found to be useful in both 

laboratory and field surveys. 

5.2 Photon Spectrometry with Semiconductor Detectors 

Semiconductor detectors made of silicon or germanium, often 

lithium drifted, offer 2 to 4% energy resolution for low-energy 
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photons, superior to that of scintillators or gas proportional counters. 

On the other hand, semiconductor devices are typically very small, with 

active areas on the order of 10 cm2, compared with the 100 cm2 or morc 

characteristic of the scintillators. Germanium and lithium detectors 

suffer the additional disadvantage that they must be cooled with liquid

nitrogen during use or even, in the case of Ge(Li), at all times. 

The sensitivity of these detectors is typically superior to that of 

other systems, largely because of their better energy resolution (see 

Figure 5). A field comparison46 between a FIDLER, with 130 cm2 area, a 

thick Ge(Li) detector, with volume 70 cm3 and cross-section 15 cm
2

, and 

a 4 detector array of thin high purity (intrinsic) germanium, 0.25 cm 

thick with total area 33 cm2, gave the following as minimum detectable con

centrations of 24lAm in various conditions: 200-700 nCi/m2 for the FIDLER, 

75-200 for the Ge(Li) detector, and 40-100 for the germanium array, all with 

2000 sec counting times. Planar high purity germanium arrays with total areas 
2 

up to 100 cm have been employed for environmental surveyor sample 

monitoring, but it is not to be expected that these would have minimum 

detectable concentrations much less than the roughly 50 nCi/m2 obtainable 

with: a four detector array. 

This limit is 5 pCi/cm2, which - depending on the distribution in the 

soil - corresponds to a few pCi/cm of 24lAm , and somewhat more of 
54 

plutonium. Consideration has been given to a more sensitive system, 

consisting of an array of silicon detectors flanked by thick anticoin

cident NaI(Tl) detectors to suppress the background caused by high 

energy photons. Such a system would be used for assay of soil samples 

without performing radiochemical analysis, and could have a minimum 

detectable concentration of about 1 pCi/gm for plutonium alone and 

about 8 pCi/gm for plutonium in the presence of americium; the sensi

tivity to americium would be considerably better than that for Pu 

alone. Other investigators have employed simple Ge(Li) and Si(Li) 

detectors for soil assay, yielding results in agreement with radio

chemical analysis when concentrations are greater than 5 pCi/gm of 

americium and greater than 50 pCi/gm of plutonium in the presence 

f .' 55 o amerlc;Lum. 
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Plutonium lung burdens have also been measured with semiconductor 

d ·ld· GC·)56 S· CL ·)57 dh·h· .58 etectors, lnc u lng: e Ll, 1 1, an 19 -purlty germanlum, 

yiolding sensitivity superior to scintillation detectors. 

6. TECHNIQUES OTHER THAN DECAY MONITORING 

The techniques discussed above are those generally used for 

environmental measurements of plutonium. Other techniques are avail

able, but are not often used, either because of their difficulty or 

because of their lack of sensitivity. These include: neutron activation 

techniques, resulting either in gamma ray production or in fission; 

photometric techniques, including x-ray fluorescence; and electrochem-
. I h· . I d· I 59 I h 60 . . lca tec nlques, lnc u lng cou ometry, po oragrap y, potentlometrlc 

and amperometric titration. 61 ,62 Methods currently used are also 

described in ref. 39. 

7. NEW TECHNIQUES FOR AIRBORNE PLUTONIUM PARTICULATES 

Most air monitoring techniques rely on the fact that plutonium 

particles can be collected on filter materials. More subtle use can 

be made of this particulate character, either as an intergral part of 

the measurement technique or as a means to separate the plutonium from 

other portions of the collected sample. Substantial attention has been 
. 63 64 given to the form in which plutonium is present in fuel cycle operatlons. ' 

Much of the plutonium, by mass, is present as particles with aerodynamic 

diameters of one to a few )1111; however a substantial portion may have 

smaller size, particularly in chemical operations. 

A technique now being studied at Battelle Pacific Northwest 
65 Laboratory would use a mass spectrometer to separate plutonium 

compounds from other substances. The plutonium would be ionized by a 

filament onto which plutonium particulates impacted after passage through 

a thin capillary tube. The ion source thus serves as the sampling unit. 

CSee also ref. 66.) The minimum detectable amount for such a system is 

much smaller than for other techniques. However, because such a source 

operates at high vacuum, only a small stream of air, on the order of 
3 10 cm /sec, can be sampled. At the 40-hour occupational concentration limit, 
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1 ]..lm (aerodynamic diameter) 239pu particles occur only about once in 

several liters and much more rarely if the particles are larger. Under 

such conditions, the unit may have to sample for long periods before 

encountering a plutonium particle. 

The particulate character of plutonium may, however, be used as 

a discriminator. Impaction techniques, in which a stream of air rapidly 

changes direction and large particles impact onto a surface, have been 

used for size measurements. 63 They may also be used to separate plu

tonium from the very small particles which carry most of the radon-
67 . 

daughter background. The more advanced of such systems are "virtual 

impaction" techniques, in which, at each separation stage, the larger 

particles impact into a slowly moving air stream for filter collection 
. 68 69 and countlng.' One such system, designed at Argonne National 

68 Laboratory, uses an alpha detector to measure the collected activities, 

achieving a sensitivity about an order of magnitude better than the alpha 

spectroscopic units described above. Semi-automatic virtual impactors 
70 have been deployed for measuring conventional pollutants. It should 

be noted that virtual impaction concentrates the activity of interest 

into a small air stream, a preconcentration that would be useful for 

the mass spectrometric impaction technique described above, as well as 

for other techniques. 

8. SUMMARY 

Plutonium is permitted to be present in environmental media only at 

very low concentrations. The principal means for measuring plutonium 

isotopes detect alpha particles emitted during decay, X-rays immediately 

following decay, or X-rays and gamma rays emitted following decay of24lAm, 
241 the daughter of Pu. In most cases substantial efforts are required 

to overcome the background due to the uranium and thorium decay daughters, 

particu1ar1y--in the case of air monitoring--the radon daughters. 

Alphas are typically used as the signature for the presence of plu

tonium in air; in monitoring alpha energies directly from an air filter, 

instruments of moderate sensitivity are available to detect a 40-hour 

occupational concentration if present for a period of hours. However, 

the period required can be shortened by an order of magnitude by using 

specially designed and rather complex systems. Much greater sensitivity 
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is available if the alphas are monitored after radiochemical analysis of 

the filter sample. The same method provides great sensitivity for measure

ment of plutonium in bulk samples, whether water, soil, or biological 

samples: subpicocurie amounts can be measured in hour-long counting 

periods. X-rays and gamma rays, whether from plutonium or americium, 

are typically used for survey efforts. Scintillation crystals, gas 

counters, and semiconductor detectors are available for measuring radi

ation energies and can effectively measure soil distributions from several 

hundred nCi/m2 to about 40 nCi/m2, with semiconductor arrays the most sen

sitive. This corresponds to several pCi/gm, not nearly as sensitive as 

radiochemical techniques which are, however, not appropriately compared 

with portable systems. Fixed semiconductor detector systems may achieve 

greater sensitivity, as low as I pCi/gm. 

Other types of monitoring techniques are available, but not widely 

used. Perhaps the most significant improvement in monitoring techniques 

is to take explicit account of the fact that plutonium is present in air 

as particles: at low concentrations, air sampling techniques may be 

plagued by the fact that plutonium is concentrated into particles; on 

the other hand, impaction techniques may be used to concentrate these 

particles into a relatively small air stream, free of background activities. 

This can moderately improve air monitoring capabilities.. In general, 

plutonium monitoring techniques are adequate for their purpose, to 

measure elevated levels in the environment. The primary difficulty is 

that substantial time is often required for carrying out measurements. 

However, even in this respect, improvements are being made. 

This work was supported by the Division of Biological and 

Environmental Research of the Department of Energy. 
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Figure Captions 

Figure 1. SCHEMATIC ARRANGEMENT FOR ALPHA DETECTION FROM AIR FILTERS 

A semiconductor detector is ordinarily used to count, and perhaps 

measure the energy of, alpha particles emitted from the filter 

medium. The variation in path length indicated may notably affect 

the amount of energy deposited in the detector. 

Figure 2. RELATIVE STRENGTH OF ALPHA GROUPS FROM TYPICAL PLUTONIUM 

MIXTURES 

Schematic spectra for the mixtures of Table 3 are given. Within 

each mixture, the height of each line is proportional to the 

strength of that group. (The mass numbers indicate which isotope 

accounts for each group.) Also shown are schematic spectra for the 

radon and thoron decay chains. 

Figure 3. RADON DAUGHTER INTERFERENCE IN PLUTONIUM ALPHA DETECTION 

The illustration indicates how, in an ordinary alpha detection 

system, radon daughter activity can interfere with monitoring of 

plutonium. In this case, because of relatively poor resolution, 
218p ( d' ) . b . h . f h 239p o Ra lum A contrl utes counts ln t e reglon 0 t e u 

groups. 

Figure 4. PHOSWICH DETECTOR 

For low energy electromagnetic radiation, whether X-rays or low 

energy gamma rays, background may be reduced by using a thin 

CsI(TI) scintillator as the primary detector and a thick NaI(TI) 

scintillator in anticoincidence (to minimize the effect of high 

energy radiation leaving small amounts of energy in the thinner 

detector). 
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Figure 5. 239pu and 24lAm SPECTRA TAKEN WITH A Ge(Li) DETECTOR 

Semiconductor detectors are increasingly being used for field 

measurement of plutonium/americium electromagnetic emissions. 

The illustration shows spectra accumulated with a 5 cm2 Ge(Li) 

detector (cf. ref. 55). (Figure courtesy of Battelle Pacific 

Northwest Laboratory.) 
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