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ABSTRACT

Radioactive nuclides present a potential health hazard due to the ionising radiation

emitted during their decay. The release of large amounts of radioactive nuclides is of

concern both for man and the environment. In cases of an accidental (or intentional)

release, it is important with early warning systems and rapid methods to determine the

extent and composition of the radioactive contamination. Many of the radionuclides

released from a nuclear power plant accident or the detonation of a nuclear weapon

can be determined by the use of gamma spectrometry. There are, however, some

nuclides that are considered to be among the more hazardous that cannot be well

determined by this technique, e.g. 90Sr and the actinides. The determination of these

nuclides is usually very time consuming due to the need for their chemical separation

prior to counting.

Two methods developed for the determination of 90Sr and actinides in preparedness

situations are described in this thesis. The determination of 90Sr is based on a rapid

decomposition of inorganic sample matrixes by lithium-borate fusion and

preconcentration of Sr by coprecipitation with calcium oxalate with HF acting as a

hold-back carrier for silica. The separation of Sr is then performed by extraction

chromatography and measurement by gas-flow proportional counting.

The method for actinide-determination is based on collection of the elements from

various kinds of sample-materials by the use of two different actinide selective resins.

The sample is, in this way, preconcentrated and partially purified prior to the analysis

with low-energy gamma spectrometry. Sample preparation by this method only

requires 1 Vi - 2Vi hours and the sensitivity is sufficient for many of the nuclides of

interest. For those nuclides that require a more sensitive analytical finish, the actinides

can be removed from the resin and processed further for, e.g., alpha spectrometric

determinations.



This thesis is based on the following papers hereafter referred to by their Roman
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II D. L. Stricklin, A. Tjarnhage, U. Nygren, Application of low energy y
spectrometry in rapid actinide analysis for emergency preparedness,
Accepted for publication in J. Radioanal. Nucl. Chem.
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INTRODUCTION

Radioactive nuclides present a potential health hazard due to the ionising radiation

emitted during their decay. The release of large amounts of radioactive nuclides is of

concern both for man and the environment. In cases of an accidental (or intentional)

release, it is important with early warning systems and rapid methods to determine the

extent and composition of the radioactive contamination. This enables faster decisions

concerning suitable countermeasures, which should decrease the damage that could be

caused by the release.

Fallout from, e.g., a nuclear power plant or the detonation of a nuclear weapon

consists of a large variety of different radionuclides, of which some pose a larger

threat to man and the environment than others. It is thus of importance to know the

activity of these nuclides specifically in addition to more coarse measurements of,

e.g., gross-alpha/beta activity or dose-rate. The determination of some of these

nuclides in samples such as soil and vegetation usually requires several days or

weeks, which is unacceptable in a preparedness situation. There is therefore a need for

analytical methods specially designed for these kinds of situations.

PRODUCTION AND RELEASE OF RADIOACTIVE

NUCLIDES

Radioactive nuclides can be divided in two groups - natural and anthropogenic. The

natural radionuclides are long-lived nuclides that have been present since before the

formation of earth, or the decay products of these (e.g. 238U, 222Rn). Natural

radionuclides are also continuously produced by the interaction of cosmic radiation

with stable elements (e.g. 7Be, 14C). Anthropogenic, or man-made, radionuclides are

mainly produced by cleavage of fissile material such as 235U or 239Pu. These fissions

take place in a reactor (e.g. a nuclear power plant) or in the detonation of a nuclear

weapon. The group of nuclides produced by the splitting of a nucleus are called

fission products. Some of the neutrons released in the fission-process are incorporated



in the nucleus of the fissile material without causing cleavage of the nucleus. This

process gives rise to new, heavier elements belonging to the actinide group.

Anthropogenic radionuclides have been released to the environment in fairly large

amounts through nuclear weapons tests and nuclear power plant accidents, of which

the largest by far is the Chernobyl incident in 19861. Both nuclear weapons explosions

and reactor accidents result in discharge of fission products as well as actinides. Some

of these radionuclides are considered to be more hazardous to man compared to

others. This is due to the physical half-life of the nuclide, the mode of decay, the risk

of its accumulation in the body and the production yield in a nuclear fission. In the

initial stage of a release from the sources mentioned above, external dose from more

short-lived gamma and beta emitting fission products will be of most concern (see

Figs 1 and 2). With time, however, the more long-lived nuclides will be a potential

source of internal dose due to their incorporation in food and water and potential

accumulation in the human body. The fission products considered to be of most

concern in the long-term perspective include 137Cs, 90Sr and 131I. Among the actinides,

isotopes of U, Pu and Am are of special interest.

When anthropogenic radionuclides have been released in large amounts, it has often

been in the form of particles with the exception of very volatile elements such as the

noble gases and iodine. The particles released from Chernobyl were basically of two

kinds, fragments of the uranium dioxide fuel or particles formed when nuclides

released under high temperatures condense2. During a nuclear weapons explosion, the

composition and sizes of the particles are determined by the altitude of the explosion.

An explosion in the atmosphere gives rise to very small particles composed of fission

products and condensed bomb material. In a detonation close to the earth's surface,

terrestrial material is sucked up in the fireball and large radioactive particles are

produced from fission products fusing with the foreign matter3. The sizes of the

particles determine how far they travel in the atmosphere before being deposited on

ground, and hence the size of the contaminated area. The chemical composition of the

particles is a factor determining the bioavailability of the radionuclides4 and should

also be considered when choosing an appropriate digestion technique prior to

analysis5. It is also of interest when the origin of the particles needs to be determined.
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Fig 2. Principal radionuclides in fission products at various times after reactor shut-down. It is

assumed that the reactor has operated for an extended period and that an approximate equilibrium has

been attained prior to shut-down (from Eisenbud1).



DETERMINATION OF RADIOACTIVE NUCLIDES

Determinations of radioactive nuclides are most often based on measurement of

radiation produced during their decay. There are basically three different kinds of

radiation produced, alpha-, beta- and gamma radiation. Fission products always decay

through the emission of beta particles, most often accompanied by gamma radiation.

The most common decay-mode for the actinides is by emitting an alpha particle, in

some cases followed by low-energy gamma radiation. The rate of decay is denoted

activity (A) and the unit is Becquerel (Bq). The basic relationship is

A = -dN/dt = N*X = Ao * e'1''

where N is the number of atoms, X (= ln2/t/2) is the decay constant and Ao the activity

at t = 0. Radioactive nuclides can also be determined by mass spectrometry where the

amount of the nuclide is measured instead of the activity. Mass spectrometry is most

suitable for long-lived nuclides since a large t/2 results in a low specific activity

according to the definition above.

In many cases, chemical separation of the nuclide(s) of interest is required prior to

analysis. This is especially true for the actinides and pure beta-emitting nuclides such

as 90Sr. Chemical separations are often time and personnel consuming, which is

inconvenient in a preparedness situation where the prompt delivery of results is

necessary. Sometimes it may therefore be justified to sacrifice some of the accuracy in

an analysis in order to be able to rapidly estimate the activity6'7.

The activities of the nuclides can generally be expected to be much higher in

preparedness situations. This goes for both the nuclides of interest and other,

interfering nuclides. The demands for rapid analyses, in combination with higher

activity levels and decreased claims on accuracy implies that other techniques for

chemical separation and measurement than would normally be preferred may be

valuable under such conditions. It is also desirable that the methods are easy to

perform and involve as little hazardous chemicals as possible, since the analyses most

likely will be performed under stressful conditions.



TECHNIQUES OF RADIATION MEASUREMENT

Several different techniques for measuring radioactive nuclides are available. They

have been thoroughly described in the book "Radiation Detection and Measurement"

by G. F. Knoll8. The techniques most commonly used are briefly outlined in this

section.

Gamma spectrometry

The most preferred technique for the determination of gamma-emitting nuclides today

is the high-purity germanium detector (HPGe). The detector consists of a germanium

crystal that is cooled with liquid nitrogen and acts as a semiconductor. Energy from

gamma-radiation transfers a valence-electron to the conduction band in the crystal and

the current created is amplified and registered in a multi-channel analyser. The larger

the crystal, the higher the probability of gamma-quanta interacting with the detector

and hence the greater the detector efficiency. The crystals used are of two different

kinds, n- and p-type, of which the p-type is the most commonly used. A p-type

detector generally has a higher energy cut-off compared to an n-type detector (-100

keV v.s. ~6 keV) but the relative efficiency is usually somewhat higher for a p-type

detector9. Gamma spectrometry offers high energy resolution, which makes it possible

to distinguish between the radiation from several different nuclides. In most cases, no

chemical preparation of the sample is required.

Alpha spectrometry

As in gamma spectrometry, the detector in an alpha spectrometer consists of a

semiconductor. The difference from a HPGe is that the crystal is made of silica, which

does not need cooling, and that the size of the detector is much smaller. Since alpha

radiation consists of doubly charged He ions, the radiation interacts rapidly with

matter and the range of the radiation is very short (e.g. ~2 um for 5 MeV alphas in

Al)9. This means that all the particles reaching the detector will be counted and that

the efficiency of an alpha spectrometer is more or less the same as the geometrical

efficiency. The resolution of an alpha spectrometer is basically determined by the

source preparation of the sample. Since the alpha radiation will interact with the

sample, it is very important to prepare the sample as a very thin layer. Interaction of

the particles with the sample results in loss of energy before reaching the detector and



consequently peak tailing. It is thus extremely important to separate the analyte

nuclides from the sample matrix prior to analysis.

Proportional counting

A proportional counter consists basically of an anode, a cathode and a filling gas. The

sample is inserted into the counting chamber and the counting gas is ionised by the

alpha or beta particles emitted. When the primary electrons released in the ionisation

reach the electric field at the anode, they give rise to secondary ionisations. This

increases the pulse collected at the anode and the phenomenon is denoted gas

multiplication. The gas multiplication factor is proportional to the voltage set on the

detector. The pulse created is also proportional to the energy of the ionising particle

and makes it possible to distinguish between e.g. alpha and beta radiation.

When analysing alpha emitting nuclides, alpha-spectrometry is often the preferred

technique due to its superior resolution, but beta-emitters are on the contrary quite

often determined with proportional counting. In the process of beta-decay, the energy

is shared between a beta particle and a neutrino, which makes the spectra continuous

and spectral information of minor importance in the analysis. This sets however high

demands on the chemical separations to ensure that the sample is free from other,

beta-emitting nuclides.

Liquid scintillation counting (LSC)

In liquid scintillation counting, the sample is mixed with a "cocktail" consisting of a

solvent and a scintillator. A scintillator in this case consists of an organic molecule

with fluorescent capacity. Energy from alpha or beta radiation is absorbed by the

scintillator, which is excited to a higher energy level. During de-excitation, visible

light is produced and registered by photomultiplier tubes. The counting efficiency is

often high in LSC (~100% for alpha particles), but the energy resolution is quite low.

It is possible to distinguish between alpha and beta radiation, and, to some extent,

different energies of the same kind of radiation. This again makes alpha-spectrometry

often more suitable for the determination of alpha-emitters, but for analysing pure

beta emitting nuclides, LSC is a widely used technique. Again a thorough chemical

separation prior to the analysis is required in most cases.



PREPARATION OF SAMPLES

When a sample has been collected and registered at the lab, it has to be prepared for

analysis. Samples are usually first dried, homogenised, packed in suitable geometries,

weighed and analysed by gamma spectrometry. Then they are dissolved and chemical

separations and source preparations are performed prior to the analysis of alpha-

and/or beta emitting nuclides. Several different techniques can be used to prepare

samples for alpha- and beta analysis.

Sample dissolution

Solid samples can be divided in two categories, organic and inorganic. The first

category is usually dissolved by ashing, either in a furnace at temperatures around

500-600°C or by the use of acids and oxidising agents such as HNO3, H2O2 and

HCIO4 in combination with heating.

Inorganic samples, such as soil, sediment, rock or minerals are either leached or

completely digested. They may also be ashed prior to the dissolution if they contain

significant quantities of organic material. Leaching is often carried out by heating the

sample in HNO3, HC1 or a combination of the two on a hot-plate for several hours.

The mineral matrix in inorganic environmental samples consists basically of silicon

oxides. Leaching is not sufficient to digest this type of sample, which means that this

technique should only be used for elements that are not tightly bound to the matrix.

The dissolution of samples with acids is currently often done with the aid of

microwaves, which results in a more complete and faster decomposition. The amount

of sample that can be treated in a microwave oven is, however, limited to a few

grams.

A complete digestion of inorganic samples can be achieved by fusing the sample in an

appropriate flux or by heating with HF in combination with other strong acids. The

advantages by using fusion compared to acids are that the decomposition of the

sample often is more complete, faster and that the use of hazardous chemicals such as

HF can be avoided. The high salt concentration in the dissolved sample due to the

added flux and the dissolved mineral matrix may, however, cause some interference



in the chemical preparation that follows the dissolution. Examples of fluxes that have

been used in radioanalytical chemistry are shown in Table 1.

Flux

LiBO4 (Li2B4O7)

NaOH

KF followed by
Na2SO4

Ratio flux/sample

1.4-4: 1

5:1

3:1 resp. 2:1

Fusion conditions

1100-1200 "C, Pt-
crucible, 10-30 min

550-750 °C, Al-
crucible, 2.5 h

blast burner, Pt-
crucible, ~ 1 h

Ref

Croudaceeta!.10,
paper I & II

Burnett etal.11

Smith et al12

Sill & Sill13

Table 1. Example of fusion techniques used in radiochemical analysis

Chemical separation

Some of the most common techniques used for the separation of radioactive nuclides

are precipitation, solvent extraction, ion chromatography and more recently extraction

chromatography. Precipitation is often used as a first, coarse separation and

preconcentration step. Actinides are often co-precipitated with iron as hydroxides,

while oxalates or carbonates of alkaline earth metals (e.g. calcium) are used for the

precipitation of strontium as well as tri- and tetravalent actinides.

Solvent (or liquid-liquid) extraction is based on the formation of an uncharged

organic-metal complex that is soluble in an organic solvent. The sample is dissolved

in an aqueous solution (dilute mineral acid) and mixed with an organic solvent

containing the extractant. The analyte is extracted to the organic phase and the phases

are separated, leaving the sample matrix in the aqueous phase. Solvent extraction is a

very selective separation method and there are a number of different extractants to

choose from14. The procedure is rather quick for a few samples, but requires lots of

"hands on" which makes it inconvenient for larger numbers of samples. The use of

organic solvents and the production of waste solvents are also considerable drawbacks

of the method.



An ion-exchange resin consists of a solid support (organic polymer) with attached

functional groups such as -SO3H (strong cation exchangers) and -NR3OH (strong

anion exchangers)15. Separation of the analyte is achieved by letting the sample,

dissolved in a suitable solution (the mobile phase), pass through a column containing

the ion-exchange resin (the stationary phase). An exchange reaction takes place

where, for instance, the hydrogen ion in the sulphonic acid group is replaced by a

metal ion in the sample solution. Separation by ion exchange is perhaps not as

selective as solvent extraction can be, but the procedure is easy to perform and the use

of organic solvents is avoided. The selectivity for, e.g., Pu has proven to be sufficient

in many cases.

Extraction chromatography (or reversed phase partition chromatography) resembles

solvent extraction in such that there are two immiscible phases, one organic phase

containing an extractant and one aqueous phase containing the sample. The difference

is that the organic phase is bound to a solid support and constitutes the stationary

phase while the sample is the mobile phase. In this way the selectivity of solvent

extraction and the practical advantages of ion-exchange are combined, making

extraction chromatography an advantageous alterative for radionuclide separation.

There are now also commercially available extraction chromatographic resins from

Eichrom16'17.

Examples of some commonly used methods for radionuclide separation and analysis

can be found in a guidebook produced by the IAEA18.

10



IN THE CASE OF PREPAREDNESS

In the case of a nuclear power plant accident or the detonation of a nuclear weapon,

the nuclides that initially will contribute with the largest activities are the relatively

short-lived fission products (see Figs 1 and 2). The majority of these emit gamma-

radiation during their decay, which in combination with the little sample preparation

required, makes gamma spectrometry a very useful measurement technique in these

situations. Compared to the usual procedures of drying and homogenising, a simple

weighing and packing in suitable geometries should be enough in these cases. The

spectra obtained from these analyses will, however, be far more complicated than

those typically encountered when analysing environmental samples. Procedures to

deal with problems such as peak-overlapping and large dead-times obtained when

measuring high activities must be well established prior to a situation of preparedness.

As stated above, it is also of great importance to be able to determine the activities of

the more long-lived nuclides that potentially could cause large internal doses to man

in time. Some of these, e.g., 137Cs and 131I, can be well determined by conventional

gamma spectrometry, while 90Sr (a pure beta emitter) and the actinides (mainly alpha-

decay) usually requires more complex analytical schemes.

DETERMINATION OF RADIOACTIVE STRONTIUM

An attempt to optimise the determination of 90Sr in soil/sediment is described in paper

I. The difficulties in the determination of 90Sr lie in the fact that this is a pure beta-

emitting nuclide and the non-specific energy of the beta-particles emitted. Hence less

separation demanding techniques such as gamma-spectrometry cannot be used, and a

thorough chemical separation is always required. The outline of the procedure in

paper I is:

1. Fusion of the sample with lithium-borate.

2. Co-precipitation of Sr with Ca(C2O4), HF added as a hold-back carrier for Si.

3. Extraction-chromatography to purify Sr.

11



4. Awaiting ingrowth of 90Y.

5. Source preparation by yttrium oxalate precipitation.

6. Measurement by proportional counting.

7. Yield determinations of Y and Sr by atomic absorption spectrometry.

The largest benefits of this procedure compared to many others lie in the first two

steps. The lithium-borate fusion is a fast and efficient way to dissolve samples and the

co-precipitation of Sr with Ca(C2O4) with HF as a hold-back scavenger quickly

concentrates and purifies the sample enough for further separation with extraction

chromatography. In a preparedness situation it will not be suitable to await the

ingrowth of 90Y (14 d). Instead the Sr fraction will be counted as soon as possible to

avoid the contribution of 9<V. Sample dissolution and separation of Sr can be

performed in approximately 5 h. by this method.

There are several isotopes of Sr that might be present in fresh fall-out; 90Sr (ty, 28.5 y),
89Sr (t/2 50.5 d), 91Sr (t/2 9.7 h) and 92Sr (t/, 2.7 h). Of these isotopes, the activities of
90Sr and possibly 89Sr are of concern for dose-estimations, while the activities of the

other two are of less interest, but constitute interferences in the determination of 89Sr

and 90Sr. The activities of the short-lived 91Sr and 92Sr will be relatively high,

especially if the source of the fallout is a nuclear weapons detonation since no build-

up of the more long-lived nuclides will have occurred, which often is the case in a

nuclear reactor. If the origin of the fall-out is a reactor accident or if the age of the

fall-out is sufficient, 89Sr and 90Sr will be the dominating strontium-isotopes (see Fig

2). They can be distinguished from each other when analysed by proportional

counting by the use of an absorber. A material with a specific thickness will absorb

the beta particles from 90Sr (Emax 0.546 MeV) while some of the more energetic beta-

radiation from 89Sr (Emax 1.49 MeV) will pass through and be detected. A spectral

separation of these two is also possible when analysing by LSC. If, however, the ratio

of the 89Sr/90Sr activities is outside the range of 0.1 till 10, the precision in the

determination of the minor isotope will be severely affected19. When the activities of
91 Sr and 92Sr are too high, it is almost impossible to determine the activity of 90Sr

accurately. The alternatives then could be to either wait for the decay of the

interfering isotopes or to estimate the activity of 90Sr based on fission yield data and

12



the activities of other fission products obtained from the gamma spectrometric

analysis.

DETERMINATION OF ACTINIDES

The most common procedure for the determination of actinides is alpha-spectrometry.

The technique gives good spectral information and high sensitivity but requires a

thorough chemical separation of the nuclides of interest and the final fraction has to

be prepared as a very thin source prior to counting. This is very time consuming and

it is therefore of interest to look at other techniques for the determination of actinides

in a preparedness situation.

Low-energy gamma spectrometry

Many of the actinides emit weak gamma-radiation in the process of alpha decay.

Determination of these nuclides with gamma spectrometry is often not sensitive

enough for the low-levels usually found in environmental samples20. There is also a

large variation among the actinides regarding the suitability of gamma spectrometry,

which depends on the energy and emission probability of the gamma radiation (see

Appendix). Since the activities of interest are high in the case of preparedness, gamma

spectrometry can be an alternative in the determination of some of these. A method

developed for the determination of actinides by gamma spectrometry is described in

paper II.

This method utilises an actinide-selective resin to concentrate and partially purify the

actinides prior to analysis by an n-type semi-coaxial HPGe detector. Two different

resins were tested in the study, Diphonix and Actinide resin (Eichrom). Diphonix

consists of geminally substituted diphosphonic acid groups bound to a sulphonated

styrenic-based polymer matrix, i.e. a cation exchanger with an actinide selective

ligand21. Actinide resin (or Dipex) is an extraction chromatographic resin consisting

of diphosphonic acid supported on an acrylic ester resin22. As can be seen from Fig 3,

these resins contain the same actinide selective diphosphonic acid functional groups.

13



In the study presented in paper II, different matrices that would be of interest in a

preparedness situation (soil, vegetation and rain water) were dissolved, acidified to

various concentrations of HNO3 and slurried with the resins. Both resins show a good

retention of 241Am, while the Actinide resin proved to be a little superior to Diphonix

in stronger HNO3 solutions. The results also show that the retention of other elements

is reduced at increased HNO3 concentrations, with the exception of Ce and Y. Both

these elements form trivalent ions in solution and their chemistries resemble that of

Am3+. Due to other studies, Am is the actinide least retained in strong acids21'22. It can

therefore be assumed that the other actinides of interest will be retained to at least the

same extent as Am. This has also been verified in attempts made to apply these resins

in alpha spectrometric determinations .

By the use of fast dissolution procedures such as lithium-borate fusion and microwave

digestion in combination with a preconcentration resin, the samples can be

concentrated, partially purified and converted to a geometry optimised for gamma

spectrometry in VA-2lA h. If needed, the actinides can be removed from the resin,

separated further by, e.g., extraction chromatography and analysed by alpha

spectrometry. The detection limits of this method should be sufficient for actinides

such as 241Am, 235U and 237Np, while the Cm and Pu isotopes might require more

sensitive techniques.

f f

SO,H SO,H R = 2-ethylhexyl

Fig 3. Chemical structures of Diphonix and the ligand incorporated in the Actinide resin

Inductively Coupled Plasma - Mass Spectrometry (ICP-MS)

Mass spectrometry has been used for the determination of actinides for many years.

The application has primarily been accurate determinations of isotopic ratios by

thermal ionisation mass spectrometry (TIMS). In the last decade, the use of ICP-MS

for routine determinations of actinide concentrations has increased. This is due to the

14



reduced demand for chemical separation and the much shorter time of analysis

compared to alpha-spectrometry24. In recent years, ICP-MS devices utilising

magnetic-sector mass analysers instead of quadrupoles have become commercially

available. These instruments, often denoted high resolution (HR) ICP-MS systems,

offer increased mass-resolution and lower detection limits compared to the traditional

quadrupoles. The detection-limits of HR-ICP-MS are superior to alpha spectrometry

for all but the most short-lived actinides (hA 500 y) (see fig 4). A simpler sample

preparation for many of the actinides and faster analysis times, in combination with

sufficient sensitivity, could make ICP-MS a suitable technique in preparedness

situations.

1.E-H11

1.E-tO0

1.E-01

1.E-02

1.E-03

-g: 1.E-04

" 1-E-05 H
o

< 1.E-06

1.E-07

1.E-08

1.E-09 -

1.E-10 •
IE-11

'Pu
d.l. alpha-spec. (1 mBq)

d.l. HR-ICP-MS (10 fg)

Act(Bq)=mA-' NA ln(2)tx

1.E-01 1.E-IO1 1.E-»03 1.E-WS 1.E+07 1.E-tO9 1.E+11

t%(y)

Fig 4. Detection limits for various actinides using alpha spectrometry in comparison with high

resolution ICP-MS.
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SUMMARY AND CONCLUSIONS

A quick determination of various radioactive nuclides is essential in the case of

emergency preparedness. The conventional techniques for the determination of 90Sr

and the actinides are often time and labour consuming and there is a need for

analytical schemes especially designed for emergency preparedness.

The determination of 90Sr is limited to a few techniques requiring thorough chemical

separations due to the fact that this is a pure beta emitting nuclide. A method is

described in paper I where soil and sediment samples are quickly dissolved plus pre-

concentrated and partially purified by using borate fusion, followed by co-

precipitation with calcium-oxalate with HF acting as a hold-back carrier for silica.

The samples are then further purified by extraction chromatography and analysed

either by proportional counting or LSC. The sample dissolution and Sr separation can

be performed in approximately 5 hours and the method has been successfully applied

on various reference materials, indicating that this method can be suitable in

emergency preparedness if the activities of other radioactive strontium isotopes is not

to high.

The method for quick actinide-determination described in paper II offers a promising

alternative to the conventional analytical schemes based on alpha spectrometry. The

samples can be dissolved, collected on a preconcentration resin and mounted in a

geometry suitable for low-energy gamma spectrometry in VA - 2V% h. After the

gamma spectrometric analysis, the sample can be processed further for alpha

spectrometric analysis if so required. The sensitivity of this method is determined,

e.g., by the intensities of the gamma radiation emitted by the various nuclides. It is

therefore well suited for nuclides such as 241Am and 235U while, for instance, the

plutonium isotopes may require a more sensitive technique such as alpha

spectrometry or ICP-MS..
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APPENDIX

ENERGIES AND INTENSITIES OF ALPHA- AND GAMMA-RADIATION

EMITTED DURING DECAY OF VARIOUS ACTINIDES25.

Nuclide

M1Am

234[J

235U

238U

237Np

238Pu

239Pu

^ P u

242Cm

244Cm

My)

4.32 E+02

2.45 E+05

7.04 E+08

4.47 E+09

2.14 E+06

8.77 E+01

2.41 E+04

6.54 E+03

4.46 E-01

1.81 E+01

Alpha-radiat ion

Energy (MeV)

5.486

5.443

4.773

4.721

4.398

4.218

4.198

4.149

4.789

4.772

5.499

5.456

5.156

5.143

5.168

5.123

6.113

6.070

5.805

5.763

Intensity (%)

85.2

12.8

72.3

27.4

56.0

24.1

76.8

22.9

47.1

25.0

71.6

28.3

73.8

15.2

73.4

26.5

74.1

25.9

76.4

23.6

Gamma-rad ia t ion

Energy (keV)

59.5

26.34

53.2

120.9

185.7

143.8

49.6

86.5

29.4

43.5

99.9

51.62

129.3

45.2

104.2

44.1

101.9

42.8

Intensity (%)

35.7

2.40

0.118

0.0397

54.0

10.5

0.0697

12.6

14.0

0.0389

0.00747

0.0208

0.00620

0.0450

0.00700

0.0321

0.00253

0.0260
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