PLUTONIUM: A REVIEW OF MEASUREMENT TECHNIQUES
FOR ENVIRONMENTAL MONITORING
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PHYSICAL CHARACTERISTICS

The isotapic states which concern us are plutonium-238 through

An overview is provided of the techniques for measuring pl
in various media. The hasis is on for survcillance and
protection in envi | and occup | siations. Jverviews are
first provided for the characteristics of, sources of, and typical levels of

P : TE

-242. Some physical propertics of these isotopes are shown in 7able 1.
The isotope americiuni-241, the immediate daughter of 24Py, is also
listed in Table 1 because its properties arc used in some plutonium

L (LR The various mc ques are then
discussed.

INTRODUCTION

Pluzonium is by far the most important of the transuranic elemenrs
(ciements heavicr than uranium). Its use in atomic (fission) weapons has
made it a strategically importany matzrial, and iz is the cornerstone in
the fast-breeder-reactor system which is now under development. Pluzon-
jum is also highly toxic, a fact recognized very early in its history. This

icity makes of piutonium in envi ! media
very imporeant,

We shall deal primarily with the measurement of plutonium con-
centrations .1 environmental media. We shall concentrate on methods
for determining low levels of plutonium in air, watet, soil, and certain
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The half-lives of th thrce most important : sotopes arc all
relatively long: 238Pu {86 ycars): 739Pu (24,400 years); and 24°Pu
(6580 ycars). The alpha energies are grouped such that present alpha
spectrometry systems cannot scparate 23%Pu from 249Py, but can
cleanly resolve all of the other plutonium isotopes.

The fact that 29*Pu fissions under the impace of slow neutrons is
the physical property which has made plutonium so important. However,
the fission nroperty has for our purposes very little direet consequence,
cither as a Yazard or as a means far measuring plutonium in the
environment.

RADIATION PROTECTION GUIDES
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is relatively hazardous, compared to many of its neigh-

other environmental media; but bioassay methods will not be di:
in deuail.

We will first provide overviews of the physical charzcicristics used
in the detection of the important isotopes; of the radiation protection
guides for plutonium concentrations; and of the sources of and typical
ranges of plutonium concentrations in the natural environment. We
shall then discuss the various iq plutoni
This discussion will concentrate on the various broad catcgoriss of
instr and techniq plutoni their sen-
sitivitics, areas of applicability, and limi Four recent pub-
lications!1+4? provide detailed information on a number of subjects
concerning plutonium.

boring clements in the periodic table. The various hazards have been

taken into in the & v of the ion protcction
guides. The toxicity depends on the medium, of : airl
luble p! fers across the lung mucesa and ultimatcly is

largely deposited in bone, where its t aor-forming hazard is greater
than that of radium-226. As soluble plutonium in water, it is absorbed
by the GI tract and again deposits preferentially in bone. When pluton-
ium is insaluble, the critical organs arc the sites of dircet cxposure, the
lungs and GI tract. Recently, concern has also been expressed that the
limiting cffect for insoluble airborne plutonium might be the dosc o
the pulmonary lymph nodes,!$'autopsics having shown significant
plutonium burdens there.!7?

TABLE 1.
Some Propertics of ths Important Plutoniun Isotopes, and of Americtum-241
(frem Ref. §)
alf-Life Main Decay Products
Isotope (years) and_Fnergies (MeV)
Plutonium- 236 2.85 a (5.72, 5.77)
Plutonium-237 0.12 electron capture
Plutonitsm-238 86. a (5.46, 5.58)
Plutoniua-239 24,400. a {5.16, 5.15, 5.11)
x-rays (0.017, 3.8%)
Plutonium-240 6,580, a (5.12, 5.17) N ht?]
Plutonium- 241 13.2 3 (0.021 maximum) M&%E B.n %‘
Plutoniun-242 379,000. a (4.86, 4.90) bt
Americium- 241 433, o (5.44, 5.49)

y-ray (0.060, 368)
x-ray (0.014, 0.017, others)



TABLE

2,

168-Hour/Week Oscupitional Maximem Permiseible Concentrations in Air
and Water, and Maximum Permissible Body Burdens
(fror; ICRP Pub. 2, Ref. 8)

OIFT5,, TICY,

Soluble or | Critical MPBB
Isotope Insoluble Organ uCi/liter pCi/liter | (uCi)
Plutonium
(238, 239,

240, 242) Soluble Bone 0.0s 0.0006 0.04
Radiun (226} | Soluble Bone 0.0001 0.01 0.10
Plutonium
(238, 239,

240, 242) Insoluble Lung -- 0.01 a--
Radiun (226) | Insoluble Lung --- 0.02 .-
Natural

Uranium Insclukie Lung --- 0.02 .--
Plutonium
(238, 239,

240, 242) Insoluble GI tract 0.30 --- ---
Natural

Uranium Insoluble GI tract 0.20 .- -e-

For 168-hour J the ib The concentration of 241 is dependent upon the time

‘concentrations in air nn«] vater, (MPC) and (MPC),, . are g:w.n in
‘Table 2. The maximum permissible I.rody burdens (MPB.:) are also
m Note ther for individuals in the general public, the applicable
values are a (actor of 10 smaller than those ubular:d in Table 2_L

for ingrowth from its parent, 24'Pu (13.2 ycarsr).

Ncarly all of the plutomu'n in the world today exists at only afew

{anud for exposure to a suitably large sample of the g
Jactor of 3 smaller still 190

Note the comparisons in Table 2 with radium-226 and natural
uranium. In insoluble form Py, U, and Ra have caomparable MPC values.
Hmvet, the MPC for soluble plutonium in air is a factor of 15 more
restrictive than that for 38Ra. In water, on the other hand, the MPC
5 500 times less rumcnvc than l‘or mdxum These 4'|ffercmcs are direct

m

manifestations of the b P y

SOURCES AND LEVLLS OF ExVIRONMENTAL PLUTONIUM

Hutomum is produccd by ccrtain nuclear rucnons. m:mly in
tts is g uporn
du: of prod ‘The most tmgoﬂant t nreduc-
tion 23%Py l)y an 238y 1o form
239y, which #-decays (23.5 minutes) to "'Np. which in tm g-dccays
(2.3 days) to 25#Pu. Plutonium-240, the next most abundant isotope
after 293Py, is formed by a sccond neutron capture on one of the 23%
Isatopes. In plutonium being praduccd for weapons, the 340Py concen-
tration must be kept below the few-percent level; otherwise, two many
spontancous neutrons from 249Pu will cither sct off a Jremarure chair
reaction or d=crcase the encrgy yield of the explosi Y inpl
for commercial power-reactor use, on the other hand, 249Pu is expected
to be present at about 1m abundance.(19! At Rocky Flats (where

¥ ¥
tad divs

and

Y

typesof | in in the nuclear-rcacto v fuel cycle:
§ public, and in stockpiles. The m bab) of plu!omum in the cmu-
roninent are cqually euy m clamfy 1 ded:

wastes or leaks from the reactor fuel cycle, rna:l hkely around plumn
ium produczion facilitics or fuel rep g plants; and
unigue cventy, such as the burnup of a pl fuclled
in a satcllite accident.112. '3

power cell

Studics of plutonium in surface air have been carried out for several
years by the US.A.E.C. Health and Safery L y. A recent pil
rion' ' 41 indicates that in 1969, typical 229Py world-widc concentrations
wrre in the range from ) to 50 x 10-#gCiliter of air. The highcr number
is a factor of 40 Yower than the MPC, value for exposure: to large general
populations; the smaller number is 2000 times fower. In 1966, the average
238Py/23%Pu ratio in air'* *? was 0.04, and the monthly surface deposi-
tion of ”'Pu from pmcsplunon"" ranged from ahout 6.5 1o about
1.0 zCi/m?. Studics ol in surface soil in the Li Valley
of Clhfomla"" have found 33%Pu surface levels of 200 tv 2000 pCifm?.
Children’s dicts in 1966 showed 229y /182 of ahout
0.002 ro 0.006 pCiskg. This is morc than § orders of magnitude smaller
than the general-population MPC,, .

These world-wide dumhunons are mosty due ta fatlout fram
nuclcar weapons tests, plus the af; d sarclhite fent,
which dcpusited 11,000 cusics of' 232 Pu in the stratosphere over the
indian Ocean in 1964.42. 130 Agthe numbers reveal, the world-
wide !cvcls are not now significant fractions of the MPC limits far
and since fatlout hopeiully will noy

weapons-grade pl r d), a typical the ically, the fevels should also not increase dramatically,
following isotopic fractions:(* V) The main udlolopcal hazard is thus more likely local than warldwide
in upe. Local concentrations can rangc upp to valucs much higher
238Pu 0.04: 0.01% than )ﬁ ges just Onc ple is at the
23%py 93.34: 05 % Nevada Tcst Site, where many locations have 73%Pu in sails ar fevels
24npy 600t 05 % of 100's to 1000’5 of pCifgram over several acres.t ' 71 Anuther cxample
2a1py -0.58 % is ncar the Rocky Flats plutonium produtuon facility, where pluluumm
§ air h:nve ally § as much as J0% of the

243Pu Ot % tublc MPC, for individuals in the general public 119!



One important point which mus: be borne in mind is that
plutonium deposited on soil is not a significant direct public health
hazard. One prime pathway io manisr ion from the ground
into the air, which can result in widespread distribution of an orig-
inally well-localized source, and which in turn may lead to more
widespread public health exposures. This possibility has motivated
u program within the U.S.A.E.C. to study the problems of resus-
pension.t18)

MEASUREMENT CONSIDERATIONS

Among the environmental media requiring measurement of
plutonium activity arc silt and s2il; natural and waste waters; food;
and air. The techniques which have been developed fall into several
categories. We shall Jiscuss them separately below. These categorics
are:

a.  Radiochemical Analysis Followed by
Counting Jr Spectroscopy

b.  Air Filter Collection Followed by
Counting

c.  Gamma and X-Ray Spectroscopy

d.  Other Methods

Becausc plutonium concentrations in most samples arc small, and
because the decay alphas have such short ranges in marter (~ 5 to 10
mg/cm?), dircct alpha counting of cavi al samples is seld.
Ppracticai.

Radiochemical Analysis Followed by
Counting or Spectrosce gy

A wide varicty of techniques for r.
oned (e -

diuchemical analysis have been
P deter in various media. Chemical

P produces enrich with respect to the matrix in which the

plutanium is found, and makes possiblc alpha counting or alpha

opy with i d scnsitivitics.

(4

‘The maix difficulty in alpha detcction is the extremcly short range
of the alphas (5 to 10 mg/cm?), which requires preparation of a nearly
*weightless’ samplc. An important chemical-analysis difficulty is that
the weight of the plutonium in sariples may be minute: 1 pCi of 23%Py
weighs only 6 pg.

Periaps the greatest problem with plutonium radiochemistry is the
lubilicy of one chemical form, plutonium oxide. We quote
from Healy: 20!

“Plutonium oxide fircd at high temperatures is a
nortoriously insoluble veramic. I p at larger particle
siees it is excecdingly difficult to’ -ut into forz for a
chemical separation. However, very small particles such
as arc four! in patural fallout or other materials, includ-
ing azide which has been formed at a lower temperature,
are much more soluble and can be feached from the sample
with relatively mild treatment.”

“Tive wedia requiring chemical analysis arc usually of three gencral
classes: water samples, air-filter samples, and soil Other pos-
siblc media arc food, urinc, and biological and fecal samples. The general

prablem of fow solubility may be presencin nearly all of these media,

Chomical methods can be into two g | classes: those
that bring the eatire ssmple into solution, ard those that usc a leaching
techniyuc to estract the plutonivm from the matrix. The leach methods
are gencrally easier, hut ase also mare diable to crror . . . henee, perindic
total-dissolution and cross-«c isons are often used ro check the

yiclds from the leach methods.

tn all of the radiochomical analyses, the use of cither plutonium-236
o7 plutanium-242 as 3 tracer for chemical yield is common. Both 236 py
(5.72, 5.77 Mc") and 247Pu (3.86, 4.90 Mc/) decay by emitting alphas
of sufficiently Jifferent energy that they can be resolved (rom 239Pu by
using speetroscapy. The teacer shantd be added at the earliest possible
state, of course, Unfortunatcly, the tracer technigue cannot )
correct for insolubility losses, one of the commoncest probilems, since

soluble tracer does not exchange with insoluble 239Pu0, unless there

is complete dissolution to soluble ionic forms.(22! Another consideration,
emphasized by Sill,22) is *har at least as much tracer should be used as
unknown Pu being determined. Otherwise, the statistical uncertainty in
the determination is limited by the 236 Pu statistics. Lindeken(221 has
pointed out that one advantage of 242Pu is that it has a lower encrgy,

so that there are no contributions to the 235Pu energy region from
possible encrgy degradation ¢ the tracer's alpha.

Silli24)describes a method for soils, in which “the sample is
decomposed completcly by a combination of potassium fluoride and
silicon tetrafluoride. The cake is dissolved in dilute HCI and all alpha
emitters are precipitated with barium sulfate.” Sill claims recoveries of
94 + 3% for all clements from thorium through plutonium, and des-
cribes a method for separating and clectrodepositing three fractions
for separate alpha spectroscopy: (Am, Cm, and Cf), (Th), and (Pa,
U, Np, and Pu). Sill also claims that the method is reliable “in soils
in which complete dissolution of both the siliccous matrix and the
most insoluble farms of plutonium oxide that can be produced can
be guaranteed routincly” (24}

Another total-dissolution method has bien described by
Talvitic,'2¢?in which adsorption from a hydrochloric acid medium is
fallowed by a nitric acid wash for removal of iron. Anion exchange is
then used for plutonium separation, followed by clectrodeposition.

The leaching methods, which are commonly used for soil analvsis,
are claimed to be casier and faster than the total dissolution methods.
One method prominently mentioned in the literature is that of the
U.5.A.E.C. Health and Safety Laboratory.!28- © 71 This method is
designed for 100-gram soil samples. Soil is leached with a mixture of
HNO, and HCI. Leached Pu is converted to Pu(lV) with sodium nitrite
and absorbed from 8N HMO, for clectroplating.

This method presents problems in the p of highly insolubl
PuQ,, and the U.S.A E.C. Nevada Applied Ecology Group!2®) has
adopted instead a Los Alamos-modified technique, the so-called
"modified HASL-LASL" method, 29* which uses HF as well as HCl in
the Ieach process to improve the yicld. After leaching, an anion ex-
change resin column is used for Pu scparation foltowed by electroplating.
The el plating step may p an important roadblock, because it
Yimits the number of samples which can be run in parallel unless many

) plating cells are available. Also, even this improved method may
suffer from yicld difficulties when very large samples arc analyzed.

Levine and Lamannat39? describe methods in which “solubilized
plutonium as the chioride is reduced to the tri-valent state, co-
precipitated with lanthanum carricr as the fluoride, dissolved in « cid
aluminum nitrase and extracted with thenoyltrifluoracctone (TTA)
for separation and removal of impuritics and carrier. The plutonium
is then back- uxtracted with strong acid, oxidized and electrodeposited
on stainless steel for counting.” Bowen 2t al43 ) report 2 similar
procedurc.

Air Filter Collcction Followed by

Counting

The most hod for itoring plv in air is by
tk:e collection of activity on an air filter, followed by dirsct counti
of the collccted activity. Unless an identification of the isotopes is

) 1 tod

p from sep this type of ment is really a
“gross-alpha’’ determination. The MPC, for soluble plutonium is

6 X 10'% pCifliter for individuals in the gencral public. The counting
sate from such an activity level is extremely low: 6 X 100pCi gives
about 1.3 disintcgrations per week. Mcasur of such activitics
requires the sampling of many liters of air. There are two differcnt
classes of measurements: those which measure continuously while

the activity accumulates, and those which measure the activity after

a fixed collection period. The latter are the more sensitive, and the
mere (requently used.

in all of the methods to be describied below for air filters, no
distinction is made bvtween soluble and insoluble pl ium. Thus
the ment must be d as, and & d to, the
saluble MPC, (which is the more restrictive).




One common callection system has been used by Lawrence
Livermore Laboratory personnel at the Nevada Test Site.32! An air
sampler with a pumping speed of 10 ft3/min (1 ft3/min = 28.4
liters/min) pulls air through a convoluted fiberglass filter. Particles as
small 45 0.025 um are coll"~ted at >99% efficiency, and 90% efficiency
can be obtained even at sizes as large us 50 pm.

At Rocky Flats, sarapling ar about 1 ft®/ min is used.’®3) Using a
rate of 10 ft®/ min, and with an air concentration equal to one general-
public-MPC,, it would take about 1 hour of sampling to collect 1 pCi
{= 2.2 dpm) on the filter.

The most important background is usua.y from the danghters of
vadon-222. The MPC, for radon daughters is about ¢ orders of mag-
nitude higher than for plutonium, and radon occurs naturally in typical
surface air at concentrations of 0.1 to 1 pCi/liter. In some locations
(for example, in some areas in the Rocky Mountains) even higher
ambient concentrations are found. Radon-220 (thoron gas) and its
daughters can also provide a similar type of background, but usually at
much smaller concentrations. Since the filters are efficient colleciors
of radon and thoror daughters, any measurement system for plutonium
must be able to discriminate against the much larger radon backgraund.

There are four techniques which are commonly used to achieve
the necessary discrimination:

i alpha spectroscopy
ii. alpha-to-beta ratio method
fii. radiochemical analysis
iv. 4-day hold-up to allow for decay of
the short-lived activities,

i. Alpha Spectroscapy, Measurement of the alpha energy spectrum
from the activity deposited on an air filter is very etfective for discrimina-
tion against radon and thoron daughters. The alpha energies from decay
of radon-222, pol 218, and pol 214 are 5.49, 6.00, and 7.69
MeV, respectively. The highest-enesgy alpha from an important plu-
tenium isotope is 238Pu’s 5.50 MeV, which wouid be difficult to resolve
in the preseny= of large amounts of 222Rn. 239Pu emits in the 5.15
MeV region, which is casily tesolvable. The daughters of radon-220
(thoron) ail emit alphas with erergies above 6 MeV, and are therefore
quite ezsily rejected. At Rocky Flats, Griept33) has performed alpna
spectrascopy using a large surface-barrier detector, with an arca of 350
mea2, An earlier device using a different solid-state detector was de-
veloped at Lawrence Livermore Laboratory 34! These types of instru-
ments are capable of discriminating between 239Pu and tuc higher-cnergy
beck ds with pl ium activity of less than 1 pCi/m? of air,
sumpled for 8 hours. Both of the instruments just mentioned were
designed primarily for occupational rather than environmental monitor-
ing. The Livermore instrument cass casily detect one 40-hr-occupational
MPC, with an 8-hr sampling time at 1 f13/min: this cancentratio. yiclds
about 15 counts/min in the detcctor, which has a 25% overall efficiency.
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PIGURE 1.

Figure 1 shows the spectrum from the Livermore detector when
radon daughters are present together with plutonium, The sampling
parameters are 1 ft3/min for 8 hr. The radon daughters reach equili-
hriem very quickly: Ra A (218Po) has a 3.05 min half-life. Therefore
their activity levels on the filter are smaller by orders of magnitude
than their toral collected activities.

Use of an internal gas proportional counter for alpha spectromerry
yields resalutions nearly as good as with a solid-state detector, with the
added ability to count larger filter areas.

ii. Alpha-to-Betz Ratio Method. In this method, plutonium is
distinguished from the radon and thoron daughters using tis¢ fact that
the important natur o alpha emitters have a special signature using
@ 4 coincidence counting. Ra C {214 Bi) emits a §~ almost immediately
before Ra C* (214Po) emits its alpha . . . the same is true of Th C
(212Bi) and Th C’(212Po). This is because the half-lives of Ra C'and
Th C"are so short: 164 psec and 0.30 gsec, respectively. Thus a g
caincidences can be used to measure the level of the radon/thoron-
daughter avtivities. One difficulty with this technique is that it relies
on comnparing two (sometimes large; numbers to abrain the (some-
times small) plutonium activity.

When a filter is measured by two different (alpha- and beta-sensitive)
detectors, lack of 100% detection efficiencies means that there cannot
generally be a one-to-one subtraction of the a § coincidences. Rather,
the a g coincidence rate must be electronically weighted before sub-
traction. Given a fixed resolving time and fixed detection efficiencies
it is theoretically possible to cancel out both the radon and the thoren
chains exactly, aside from statistical fiuctuations,*38! provided the
deposited daughters are in equilibrium. To do this subtzaction properiy,
very careful calibrations are required. Because thoron daughters have
a longer average half-life, they will dominate for collection periods in
the 10-hr range, while for a 1-hr collection period radon daughters
usually dominate.!32} However, for a given detector, one must take
care to equalize the detection ¢“F.jencies for the Th C and Ra C betas,
which have very different ener. - spectra. This can be done by using an
appropriate absorbing foil to ¢ >mpensate properly for the different
energies.

Typical instruments of this design have been ‘escribed by Spaa,38!
Rankin,!?7}and Gupton,(38} among others. Spaa’s design aims for
continuous alarm capability. A filter paper is moved semi-continuously
(stepwise) across a 70 liter/min pump. Continuous counting is per-
formed during activity accumulation, using 3 ZnS(Ag)/photomultiplier
alpha detector and an end-window G-M beta countsr. Every 12 hours
the filter is automatically moved stepwise, and is availabic for more
precise measurements if requircd. In the presence of radon daughters
at 10 pCi/liter of air, plutonium at 0.002 pCi/liter was thc approximate
limit of detection after about 1 hr of sampling.

Rankin,!3?? using solid scintillation detectors for both a and 8
counting, detected plutonium at a lower limit of about 800 pCi in
the presence of 0.1 pCi/liter of radon-222, With a Z4-hr sampling time
at 10 fe?/min, this aiso corresponds to a plutonium concentration of
0.002 pCiliter of air. Gupton’s instrumcnt‘?8? is very similar, but
alsa provides another G-M detector which is not exposed to the filter,
for cxternal gamma compensation.

Tanaka et al.42%}describe an imp; of the technique in
which an alpha spectrometer is used to further select the 239Pu signal.
A CsI(TI) sciutillation spectrometer is used, and alpha particles are
selected frem beta particles by pulse-shape discrimination. In 24 hours,
it can detr.ct plutonium levels as low as 10-¢pCifliter in the presence of
rador at about 0.1 pCiliter.

iii. Radiochemical Analysis of Air Filters. A method for radio-

chemical analysis of air filters has been ad dasa

by the Intersocicry C ittee.!39) This method is similar to one found
in the HASL Manual.t«7} “The plutonium is . . . isolated by co-precipi-
tion with cerium and yterium fluorides . . . further purificd by a double
anion-exchange col hnique . . . finally electro-deposited onto a
platinum disk™.t39! The first ion-cxchange process is from HCl, the
second from an HNO, medium. A solid-state spcctrometer determines
the Pu isotopes; 238 Pu is used as a traccr. This method ciaims a practi-
cal detection limit of about 8 X 108 pCi/liter with £10% error(1 o),
when air is collected at about 700 liters/min for about one weck. For




smaller volumes of ir, sensitivity is reduced proportionately. The dif-
ficulty with this method is, as might be expected, that dissolutioi: of
high-temperature-fired PuQ, is not necessarily complete, leading to
possible ynderestimation of the concentration. However, since the
MPC, for soluble plutonium is smaller by a factor of 16 than that for
insoluble plutonium, the problem of insolubility losses is usually not
scrious for air-filter measurements.

Gamma and X-Ray Spectroscopy

Gamma and x-ray spectroscopy is an important plutonium
measurement technique in some situations, and may be thought of
as complementar to the radiochemical-analysis methods, since the
applications of this type of spectroscopy are usually for measurements
of an entirely different class.

The ficld survey of large suriace areas for possible plutonium
contamination is one such application: for example, much cffort has
gonc inte large-arca surveys around the Nevada Test Site. Another
application is .or plutonium assay in media which are not accessible
to radiochemicai analysis: examples are large soil samples, bioassay of
plutonium in lungs, or plutonium detection in a solid-waste container.

This methed usually relics on detecting decay phetons from one
of two important phenomena. The first phenomenen is the 59.6-keV
gamma ray emission which accompanics 36% of the decays of 247 Am,
the daughter of 241 Pu. 24Py js scldom the main plutonium isotope
present, and even if it were it is not usually the main hazard, being a
beta-emitter. Therefore, this method is useful for gross-plutonium
measurement only if onc knows both the ‘age’ of the plutonium (to
determine ingrowth of 247 Am) and the original isotopic ratios.

The sccond phenomenon is the 17-keV x-ray emission group which
accompanics about 3.8% of the 232Pu decays. Actually, the emissions
are L x-rays from the daughter 235 U. The cnergiesf49) of the three mos:
prominent lines arc 13.6. 17.2, and 20.2 keV with relative intensitics
100:120:25. Americium-241 decays are also accompanied by x-rays in
the same 17-keV region (actually the L x-rays of its daughter, 237 Np).
‘The energies of the amerizium lines!4?? arc 14.0, 17.8, 20.8, and 26.3

keV, with rclative intensitics (phorens/alpiza) of 12%, 13%, 3%, and 2.5%.

(Note again for comparisor the 36% 59.6-keV americium gamma.)

The task of ficld-surveying far phutonium contamination on the
ground has received considerable atzention, although it actualiy has «
rather narrow range of application such as at the Nevada Test Sive,
near pluronium production facilitics, and so on. Here the goal is to
locate and quantify the surface activity (uCi/m?), rapidly and con-
veniently. The presumption is made that detailed soil sampling must
be relied on for more refined measurements.

One instrument type often uscd for this task is a thin Nal('Tl)
crystal of large arca, coupled to a photomultiplier tube. The archetype
specifically for plutonium contamination is the FIDLER detector
developed at Lawrence Livermore Laboratory 142) )t has a 5" diameter
1/16" thick Nal(Th ¢rystal, and is designed to be carried by hand over
the terrain at about one foat wuove ground level. The battery-operated
clectronic circuitry separates and counts two ‘windows' in the energy
spectrvm, one around 17 ke and the other around 60 keV. These are
shown, along with @ spectrum from a pure 247 Am source, in Fig, 2.
An instrument of this type must be calibrated against scveral variables.
First, its responsc is sensitive to activity distributed over a wide arca.
Further, the thickness and compasition of any overbusden materiat,
as well as the pluzonium isotopic distribution, will zifeet the inter-
pretation of the results.

Assuming a | 2-sccond time-constant fur the ccunt-rate meter and
that the instrument is being carried slowly over the terrain, the minimum
detectable 241 Am point source is about 9490 pCi, and the mirimum
detectable arcadistributed source is 19,200 pCi/m2, both at 3.3 ¢ above
a natural background of about 200 counts/min,

An instrument similar to the FEDLER but using a 5"-diamerer,
1/8"thick Ca¥,(Eu) scintillator has been developed by Nuclear
Chicago. /43" The clzimed advantages of CaF;(Eu) are that it does nos
require the carcful hermetical sealing characteristic of Nal(TD: and that
there is hetter optical coupling to a tapered conical light pipe, which
partially compensates for the lower light output (40-50% of that for
Nal(Tly ).
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FIGURE 2. Spectra for *“'Am and kackground

as measured with a 5-in.,-diam by
1/16-in. ~thick NaI(T') pointitia-
tion detector. Source wae 10.7-uC%
2%Um, and sourae-to-detector dis-
tance was 30.5 a. Optimum discrim-
ingior settings for 17-keV bond

and 60 keV ave shown (from Ref, 42).

A similar instrument, but using an 8"-diameter, 0.2"-thick
Nal(Tl) crystal, has been used for assay of th= lung burden of
exposed individuals.*44} For 4 100-minute counting time, the
minimum detectable activity (3 o) was found to be 6200 pCi of
239py, Counting cfficiency must be determined with a phantom,
because absorption and scattering of the low-energy photons is
very large. The counting efficiency (counts per 229Pu disintegration)
was measured to be only about 4 X 10-4, the majority of the x-rays
being absorbed or scattered. The principal irreduc: able background
is from degraded gammas due o the decays of 49K and *37Cs in
a nermal body.

Usc of twin large-arca gas proportional counters is also common
for P lung assays. With this technigue Tomitani and Tanaka'*©?
report 12.6% resolution (full width half maximum) on the 13.6 keV
line; this is shown in Figure 3. With an outcr ring of wires for anti-
coincidence shiclding to provide a veto whenever cosmie ray particles
traverse the chamber, the minimum detectable activity 3 o) 1s 6000
pCi of 229Pu, using 2 100-inuic counting time.
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FIGURE 3. X-ray spectrum of *'°Pu. 13.6, 17.2
and 20.2 keV X-rays are Ly, Lg and Ly char-
acteristia X-rays of 25U, regpectively.
X-rayo of energy about 5.96 keV arve the flu-
orescent X-ray of the stainless steel
houaing (from Ref. 40},



The backgrounds ase higher using Nal(T1) for lung-counting
applications, but the detection efficiencies are also higher. It seems
that the proportional counters as described by Tomitani and Tanaka
are more difficult to construct and operate. Overall, the two types
of instruments have comparable sensitiviries.

A solid-state Ge(Li) assay technique has been developed by Tyree
and Bistline.!48? This system can resolve the 51.6-keV gamma ray
from 222Pu in the presence of the 59.6-keV 241 Am gamma. The
51.6-keV 239 Pu gamma occurs with an 8.4% branch:ag ratio, Using
this system and a 1-hr counting time, minimum detection (3 ¢) of a
few thousand pCi of 239 Pu was possible. These authors also report
detection of the 14.0-keV 27 ' Am line with 3.7% resolution (full
width, half maximum) using a Si(Li) detector, compared to 14%
using a proportional counter.t48) This is shown in Fig, 4.
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FIGURE 4. Proporiional and §i(Li) detector
spectra from americium-241. The three peaks
shown have energies of 14.0, 17.8, qnd 20.8
keV, and ave actually L x-vays from neptun-
tum-237 (from Ref. 46).
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Tyree and Bistline!#5)report use of the relative attenuation of
the various x-ray lines to give a mcasurement of the depth of a con-
taminaling source, such as pluzonium in a wound. Several-mm depths
are measured to fractions of one mm. The relative attenuations of the
13 and 20 keV vranium L x-ray lines with thickness are shown in
Figure 5.
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Plot of the ratio of the 13 and
20 keV uranium L z-ray intensities
as a function of increasing ab-
sorber thickress (from Ref. 47).

FIGURE 5.

Another detector type useful for this class of measurement
consists of a thin Nal{T]) crysial optically coupled to a much thicker
CsI(T1) ceystal behind. This system is usually called a ‘phoswich’
detector. The low-energy x-tays are totally absorbed by the Nal(Tl),
while higher-energy photons (or charged particles) covnr in the
CsI(Ti). Both scintillators are viewed by the same photomultiplier
tube (see Fig. 6), and the signals can be differentiated by pulse-shape
analysis since NaI(T1) has a 250-nsec optical decay tim: compared to
1100 nsec for CsI(T1). This typc of instrument can suppress high-energy
backgrounds by factor of 3 to 10.

Koranda ct al., 148! have developed a semi-portable Ge{Li)
spectrometry system for field surveys of soil. The system ridez in a
van, and is designed to combine the bette: resolution of a solid-state
detector system with the needs for mobile surveying in the field.
The system seems more valuable for the higher enurgy gammas
from fission products and natural emitters, rather than for the
low-energy plutonium phetons.
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Other Methods

continuous measurements during sample collection, However,
because of the very low MPC, value, none of the methods presently
Py

Severai other types of detrrminations, which do not ulti
rely on alpha or gamma counting for the plutonium measurement, have
been C.veloped. We shali not discuss these here ar all, but shall mevely
refer the reader to some references for details. Generally these methods
are not sufficiently sensitive for envi ! (i) Con-

trotled-potential coulometry!49? is useful when Pu concentrations are
high (0.1 uCi/liter) and accuracy is required. (i) Constant-cuzrent
potentiometric titration!S 9! is als> commonly used at these concentra-
tions. (iii) Amperometric techniques'®?} can be used for accurate work
with very large (3 10 4Ci/ lizer) concentrations. (iv) Spectrophgto-
metry!52? is applicable above about 0.1 pCi/liver. (v) Square wave
polarography!53} is sensitive down to ~ 0.1 uCifliter.

CONCLUSIONS

In this section we have given overviews of the typical levels at
which plutonium is found in eavironmental media; of the radiation
protection guides; and of some of the types of measurement technigues
which have been developed for plutonium measurements in the
environment.

The material is very dangerous and the radiation protectios guides
arc necessarily very restrictive. Fortunately, important pluton: m
contamination in the ervironment is not widespread. A small leve| of
world-wide plutonium fron: fallout is supplements by higher concen-
irations in only a few well-localized areas, where plutonjum contamina-
tion may be an important radiobiological factor.

‘The ideal insrrument or technique for plutonium determinat’. s
should be capable of measuring concentrations down to fractions of
MPC levels in the appropriate medium. There are two main classes of
measurements, field and fabnratory measurements. Of the type of
measurements considered here, only two arc of the field-type: surveys
of plutonium deposition on the ground, ard air concentration
measurements. Even the latter are often performed by laboratory
analysis of an air filter after field sampling.

We shall summarize che situation in each of the various measure-
ment areas separately:

Measurements of Plutonium on and in Soil

There are two basically different techniques: first, field surveying;
and second, radiochemical analysis followed by alpha counting or
spectroscopy . The field-survey measurements demand less accuracy,
and are now performed by carrying counting instruments above the
terrain. The archetype of this class is the FIDLER, which has a thin,
large-area Nai(Tl) scintillation detector, Instruments of this type seem
adequate for most rough field-survey measurements. Radiochemical
analysis techniques are intrinsically much more sensitive and accurate,
but suffer from their own types of difficulties. The most precise and
surefire techniques involve total dissolution . . . but these are laborious,
time-consuming, and expensive. There are a number of leaching methods
which ar: intritsically faster and cheaper. Many of these present diffi-
culties in the presence of insoluble matter, such as “igh-temperarure-
fired PuO, . There certainly seems to be need for further improvement
in the analytical chemical methods. In particuiar, the development of
a faster and less expensive leach method possessing a high yicld would
be desirable.

Measureinents of Plutonium in Air

Measurements of plutonium in air are ncarly always made by
collecting particulate activity on an air filter for counting. The main
background is usually due to daughters of radon, which must be
discriminated 2gainst, One method is to perform radiochemical
analysis, followed by spectroscopy. This technique, while int “asi-
cally sensitive and accurate, is expensive, time-consuming, and
lizble to radiochemical-yield errors. The two most common
methods which use direct counting of the filter are the alpha beta
coincidence technique and alpha spectrometry. Both are sensitive
and precise; perhaps e spectrometers are to be preferred for the
most precise and background-free requirements, but the a g coin-
cidence technique is advantageous since it has been adapted for

combines rapid or continuous detection with sensitivity
well below MPC,.

Measurements in Soil or Bioassay Using
Gamma Spectroscopy

Bioassays of lung or other body burdens, and also r.acasurements
in bulky samples such as large amounts of soil, can be pert..med with
gamma spectrometers, typically v ing either Nal(T]) or Ge(Li) detectors.
These methads all suffer from one intrinsic problen: it is necessary to
trade off resolution for sensitivity. High resolution Ge(Li) detectors
capable of high detection efficiency are available only at great expense;
on the other hand, the much larger Nal(Tl, erystals suffer from poor
resolution which is a handicap especially in the presence of higher-
energy gamma fluxes. This oroblem is inherent to the methed.

Measurements in Other Media

Measurements in media such as urine, plants, food, and tissue
are typically made radiochemically. There is also a wide variety of
chemieal methods (coulometry. spectropl:otometry, poiarography,
ete.), which are mainly useful at relatively high concentrations. The
radiochemical analyses of various media usuaily consist of initial
sample-treatment steps designed to bring all of the plutonium into
solution, follewed by analysis identical to that used in the analysis
of soil or water,

It scems probable that more sensitive and faster methods for
measurements of plutonium i man can be ‘-eveloped, using extensions
of presently-available technology. The n.otivation fos rhis is probal.y
not grear at the present tim= since its application would be limited
fargely to measurements in a few occupadional-exposure situations.

Overview

At present, measurements at levels significantly below MPC values
for individuals in the general public are possible in each of the main
measurement situations where public health s involved or where path-
ways in the environment require study. In particular, radiochemical

lyses in the lab followed by alphz spectroscopy are quite
sensitive and suffer from few interferences. Unfortunately, the best
of these methods are expensive and time-c ing

Given the probable growth in use of plutonium s the nuclear
power industry expands axd = the breeder-reactor prograca grows, it
seems important that methods be developed which enable sensitive
but inexpensive determinations of plutonium in air and water efflue s,
as well as in £3il and biomedical media.
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