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Preface

RADIONUCLIDE AND RADIATION PROTECTION DATA HANDBOOK (2002)

This handbook is an updated and expanded (2nd edition) version of the handbook with the same title published
in 1998. That handbook was in turn based on an earlier French laboratory guidéb@alde on Radionuclides
and Radioprotectiorby D. Delacroix, J.P. Guerre, and P. Leblanc, published in #89%he earlier publication
was very much oriented towards guidance on the handling of radionuclides used in medicine. The present handbook
is much more broadly based in its outlook and application and incorporates updated information to take account
of the most recent ICRP and IAEA recommendati®f®® The radionuclides listed in the earlier publication were
supplemented by commonly used radionuclides in the nuclear industry and in other areas. Moreover, the main
purpose of this handbook (and its 1998 predecessor) is the provision of data sheets and the models or sources
used to assemble the data, rather than as a radiation protection guide for laboratory users.

This practical handbook of data for handling radioactive materials is intended for radiation protection specialists
as well as all others who use or transport radionuclides. Its publication should satisfy a major need for all health
physics departments and is intended to assist in informing and training personnel in radiation protection. It consists
of an explanatory text followed by specibc radiation data sheets for selected radionuclides. Because of the dispari-
ties in the approaches adopted by different countries, it is essential that users also refer to the relevant national
regulations with which they must comply.

The present handbook includes 36 additional radionuclides than the previous edition, giving a total of 144
nuclides. Additional data are included covering dose rates above uniformly contaminated surfaces (inPnite plane
source). Some corrections to data in the previous edition have been incorporated. The list of nuclides is not
exhaustive but those included have been selected on the basis of being most commonly used, taking into account
the requirements of users in industry, medicine and research. Finally, account is taken of the need to consider
decay chain products for several heavy elements. To this end, an appendix is provided giving the decay products
and their activities as a function of time (age), together with decay charts for four of the more complex chains.

Directeur Central de la Securitec
Commissariat alOEnergie Atomique, France
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Abstract N This handbook is a reference source of radionuclide and radiation protection information. Its purpose is to provide
users of radionuclides in medicine, research and industry with consolidated and appropriate information and data to handle and
transport radioactive substances safely. It is mainly intended for users in low and intermediate activity laboratories. Individual
data sheets are provided for a wide range of commonly used radionuclides (144 in total). These radionuclideske iokassi

bve different groups as a function of risk level, represented by colours red, orange, yellow, green and blue, in descending order
of risk.

INTRODUCTION in the form of data sheets in an easy to use format for

I .144 of the most commonly used radionuclides in medi-
In recent years the need for a compilation of essent|@|ne’ research and industry. It is designed as a ready

data for commonly used radionuclides, for both practicpeference source of information, gathering together in

an_lqht_ralr?m%bhai become 'ch?"%g'”%'% appaLent. tor Q€ Place, in the form of individual data sheets, the most
Is handbook contains individual data sheets for g, 14 gate isotopic and radiation protection data. The

range of radiongclidgs and is me_tinly intend(_ad for use’%’?ormation includes:
of unsealed radioactive sources in low and |ntermed|a{e
activity laboratories, industrial applications and transt half-life and sped¥c activity,
port. I main emissions,

Individual data sheets corresponding to the differert IAEA Basic Safety Standards exemption levels,
radionuclides give the physical characteristics, referen¢e IAEA A; and A, transport values,
transport activities, exemption levels, contaminatioh external exposure data for a range of geometries,
derived limits and appropriate detection probes, dode surface contamination data, detection and limits,
rates from skin contamination, half and tenth valué shielding information,
shielding thicknesses, external exposure data, dose coef-ICRP dose per unit intake data by ingestion and
bcients for ingestion and inhalation, derived 20 mSv inhalation,
ALl values, and the highest dose organ. The maximuin 20 mSv ALI values and the highest organ dose, and,
activities recommended to be handled on benches, undermaximum recommended activities in Controlled and
fume hoods and in glove boxes are also given. However, Supervised Areas.
this information is most appropriate in laboratories
handling low and intermediate levels of radioactivc%_|

materials. In order to facilitate the uéunderstanding, commended activities are only appropriate o low and
pictorial illustrations have been employed and data i€ : S nly approp ;
intermediate activity laboratories. These laboratories are

presented in tabular form. equently limited to two to three orders of magnitude
It should be noted that the data provided, althougj. q Y L gni
ligher than the exemption limits by local or national

drawn from appropriate recent international recomme lati

dations, should in no way be taken to supersede existiﬁ%gu ations.

local or national regulations. The data may, of course,

be used to review existing local regulations which magLASSIFICATION OF RADIONUCLIDES

have become out of date. . Radionuclides have been divided in this handbook
The text preceding the data sheets provides the bagki, bye Gisk group® The classication used is based

ground, derivation and substantiation for the data givela,n the BSS@uantitydexemption limit values. Exemp-

enabling users to satisfy any quality assurance arranggsy, jimit values have been chosen for this purpose
ments that may be in place.

because they Rect both internal and external exposure
risks. Each group is associated with a colour (red,
SCOPE orange, yellow, green and blue successively represent
decreasing levels of risk). The data sheets have been

This handbook provides the most up to date internappropriately coloured providing the reader with a rapid
and external dosimetry information and control criterizisual means of appreciating the risk associated with

Most of the data provided are relevant to all users.
owever, the section and data dealing with maximum

9
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particular radionuclides. Thieve risk groups have been The nature of the main radiatiéh

debned as follows: $, % €, X, & radiation and neutron emissions are

Group 1: exemption limit 10* Bq (red) given, together with the corresponding energies
Group 2: exemption limit 10° Bg (orange) expressed in keV, and corresponding percentage emis-
Group 3: exemption limit 10° Bq (yellow) sions. A maximum of the three most characteristic emis-
Group 4: exemption limit= 10" Bg (green) sions is given for each type of radiation, the criterion
Group 5: exemption limit'" 10° Bq (blue) adopted being the relevance of the emissions from the

diation protection standpoint. However, in order to
medy the restrictive effects of this approach (some
radionuclides exhibit multiple emissions, e'¢La and

In the rare cases for which exemption levels have ngr)g
been déned (e.g.''C, a nuclide sometimes used for
medical imaging) a group has been assigned by analogyg;) ‘he relative percentage emissions not taken into
with other radionuclides of the same type. consideration are nevertheless given.

Attention is drawn to the fact that radioactive sub-
stances are also chemical substances, the handling of
which may involve hazards of non-radiological origin RADIOLOGICAL CONTROL
Moreover, radioactive substances are often intimately
mixed with chemical products having an aggressiveExternal exposure risks
action on the human body (toxic, mutagenic and car-
cinogenic effects). Chemical hazards should therefore
never be neglected.

The following modes of exposure are considered.

Contact
PHYSICAL CHARACTERISTICS OF When handling radioactive materials, the operator
RADIONUCLIDES may touch the receptacle (e.g. beaker, pipette, syringe)

containing the radioactive substance or materials con-
Raminated with this substance. The radioactive substance
can also become deposited on the skin.

Half-lives expressed in the most appropriate units

(hours, days, years).

The following characteristics are considered i
these sheets.

Distant source

Specibc activitiesxpressed as Bq'g All parts of the operatd® body generally remain dis-

Exemption levels tant from the radioactive substances being handled, even
- . though certain parts of the body such as the hands and

Exempt activity concentrations (Bg.§ and exempt torearms occasionally approach these substances during

activities (Bq) are dened in the IAEA Basic Safety pangling operations with or without manipulators.

Standard® and in the L159 Euratom Directi@

These limits can be used by regulatory authorities to

dePne criteria for exemption against formal registrationmmersion in a cloud

of the premises and may also be used to develop clear-r, . type of relatively infrequent hazard is encoun-

ance Ie_vels for materials Igavmg the premises. .Tr&%red when handling gaseous radioactive sources. The

exemption levels also apply in the transport regulation orresponding risks must be taken into consideration

The correct use of these limits by users is of utmog ’

. r example, in laboratories using cyclotrons to manu-
importance. Users should refer to the above me ., sr?ort half-life radionuclidegs ()é §F, 1'C, 129)
tioned references. S ’ '

o Internal exposure risks
A, and A reference transport activities

. o . The risks arise from three different possible paths into
A, and A are the maximum activities (expressed o human body:

TBq) that can be transported by A type packages. A
corresponds to radioactive matter@pecial forn®and ! Inhalation after the dispersion of gases, vapours or
A, to the other cases. aerosols in the environment;

In the data sheets, the values correspond to values!in Ingestionby contaminated hands or objects through
the 1996 edition of The IAEA publicatioRegulations contact with the mouth;
for the Safe Transport of Radioactive Materidlswith ! Transfer through the skiwith or without an associa-
which the international modal transport authorities ted wound following contamination of parts of the
(RID, ADR, IMO, ICAO, etc.) are harmonised. Users body (which have not been dediently rapidly
seeking further details are referred to the referenced decontaminated) or following simple contact with
texts. highly penetrating radionuclides (e.g. tritium in

10



Dose limits for workers®@®

RADIONUCLIDE AND RADIATION PROTECTION DATA HANDBOOK 2nd Edition (2002)

tritiated water) or chemically aggressive substancdsSXTERNAL EXPOSURE
(acidic solutions, solvents, etc.).
Assumptions

Xray, & % € and neutron emissions lead to external

exposures depending on the nature and energies of the
corresponding radiation as well as the packaging and

The occupational exposure of any worker should n&eometry of the source. Depending on the particular

exceed the following limits, but may also be subject t§ase being studied, superal exposures (or skin

more restrictive limits in appropriate local or nationafXposures) dened at a depth of 7 mg.ci or deep
regulations. body exposur€d are taken into consideration.

Various handling postures and situations commonly
an effective dose of 100 mSv over a periodksfe  encountered in laboratories are considered. Calculations
consecutive years (i.e. 20 mSv per year) averagduve been performed for unique values of source or sol-
over this period; ution activity; in this way a direct comparison between
an effective dose of 50 mSv in any single year; the values obtained under different circumstances can
an equivalent dose to the lens of the eye of 150 mS¥e made. A nominal activity of 1 MBq has been adopted

in a year; for external exposures, exposures resulting from con-

an equivalent dose to the extremities (hands and fed@cts with receptacles and exposures to distant sources.

or the skin of 500 mSv in a year. A nominal value of 1 kBq has been adopted for the case
of skin contamination due to droplets and 1 kB¢ffém

It is noted that the IAEAY states that for uniform skin contamination. Exposures due to

. . . . an inbnite and uniformly contaminated surface at
Compliance with the foregoing requirements fory \ g cni2 are also considered. Data are provided for
application of the dose limits on effective dos&yisiances of 10 cm and 1 m from the contaminated sur-
shall be determined by one of the followingsace for beta and photon radiation for the skin and deep
methods: tissue. The quantity adopted for all geometries for tabu-

(a) by comparing the total effective dose with thdated data is dose equivalent, expressed in nfSv.h

relevant limit, where the total effective dosq 5  (Millisievert per hour). o
calculated according to the following formula: The handling postures adopted in this handbook for
some operations with radionuclides in the form of un-

Er = Hy(d) + ' j€(9).ingestionjingestion sealed sources may not actually represent what is done
, in practice (e.g. use of a syringe or beaker). However,
*+ " 18(9) innaationj innatation the user, by analogy, can transform the values indicated

where H(d) is the personal dose equivalent frordNto those corresponding to other receptacles of similar

exposure to penetrating radiation during the yeaplmensions, on the basis that the situations shown are
€ ly typical.
Note that e(Q)ngesion@Nd €(Q)naiatonare the com- reasonaly ty
mitted effective dose per unit intake by ingestior] ‘_I'he .followmg codes have been used for the calcu-
and inhalation for radionuclide j by the group of/@lons:
age g, andfngesion@Nd | innaiaion are the intakes via | Microshield Version 4.10 has been used &mand
ingestion or inhalation for radionuclide j during the  x ray calculations (Grove Engineering, 15215 Shady
same period. Grove Road, Rockville, USA, 1996)
! Varskin mod 2 for%radiation and Varskin mod 2
modiped for monoenergetic electrons (J.S. Durham,
Ho(d)/DL + " (I, ingestior ) ingestion.) Pacbhc Northwest Laboratory, PO Box 999, Rich-
’ Hnoestomtngeston land, Washington 99352, USA).

(b) by satisfying the following conditions:

+ " j(linhatatiol ljinhatation.) ! 1
where DL is the relevant dose limit on effectiveDistant (point source) external exposure

o o T o ramuen The cases of a poin source at & ditance of 30
of radionuclide | (average length of forearm) in air andpenicillinQype

’ vial at a distance of 1 m in &f are considered success-
ively. In the latter case, the source is represented by a
cylinder with a density of 1 g.cfi¥, 2.3 cm in diameter
Note that the symbols used in the quote are consisteantd 2.5 cm high enclosed in a 1.5 mm thick glass

(c) by any other approved method.

with those used in this handbook but not the originaldensity 2.7 g.cr®) envelope.

IAEA document. The above quantities are Bgie In the case of a point source at 30 cm, the deep or

explained in Schedule Il of Reference 2. whole-body dose equivalent due to X afday compo-

11
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nents is distinguished from the supeial or skin dose lung (X rays). With high activity sources bremsstrah-
equivalent due t®oand & components. This is done lung radiation can make a sidrmiant contribution to
in order to draw the operat@r attention to the fact that dose. Attention is drawn to this in the data sheets. It is
the supepcial dose equivalent can be considerablyor this reason thatBrem. RadOis indicated on data
reduced by interposing a screen with a thicknessheets corresponding to putgemitters {“C, 3°S, 3P,
equivalent to the maximum range of té and &€ °°Cl and “°Ca) for which the calculated dose rates
components. behind shielding are very low or even zero. These radio-
A deep dose equivalent is given for a vial at 1 m (thiswuclides are very much used in laboratories.
corresponds to the distance between the operator and

the bench or table).
) SHIELDING OF BETA AND GAMMA EMITTERS

Exposures to a uniformly contaminated surface The range of betas and electrons and the attenuation
. . of X and & rays in shielding materials depends on the
Exposures due to a uniformly contaminated sourcgnergies of the incident radiation and the nature of the
(Roors) are considered. The contributions due to begahielding material.
radiation and photons are considered separately for dis-Tota| absorption thicknesses have been determined
tances of 10cm and 1 m from anhnitely and uni- for 95 and & radiation in glass and plasti®; these
formly contaminated surface. This separation enabl@gaterials are those most commonly used for this pur-
users to m_ake appropriate decisions as to what measUidse. In the case @ and X rays, thérst half-value and
ment equipment should be used. Pure beta emittegsyih-value thicknesses of lead and steel (attenuating the
generally cannot be detected with gamma detectoligcigent radiation by a factor of 2 and 10 respectively)
Dose rates at 10 cm and 1 m are often similar becauggs given.
the increased distance is compensated by theagtention is drawn to the fact that some radionuclides
|ncr_eased solid angle. Data is quoted f(_)r the do%‘?multaneously emit sightant low and high energy
equivalent at depths representing the skin and de@Bmponents for whictorst half-value and tenth-value

tissue respectively. thicknesses may be considerably less than second half-
value and tenth-value thicknessé&%l is an example but
External contact exposure (receptacles) the data prOVided here do not cover this situation.

The cases of a 50 chbeaker containing 20 chof
solution and a 5 cfsyringe containing 2.5 chrof sol- CONTAMINATION
ution are considered. The beaker is represented by a cyl-
inder with a density of 1g.cit?, 4 cm in diameter, Contact exposure due to external skin
1.6 cm high enclosed in a 2 mm thick glass (densitgontamination
2.7 g.cnf ®) envelope. o ) )
The syringe is represented by a cylinder with a den- TWO Situations have been considered to illustrate
sity of 1g.cnf3 1.2cm in diameter, 2.2cm high Pody contamination. Firstly, exposure due to an exten-

enclosed in a 1 mm thick plastic (density 1 g‘cin Sive uniformly spread out contamination of the
envelope. skin®-1419is considered and secondly, the projection of
In both cases dose equivalents have been calculaf@@-05 ¢ droplet of a radioactive substance. The drop-
under 7 mg.cii? at the level of the solution (an arrow €t IS represented by a cylinder with a density of
indicates the position taken into considerati®n) 1g.cnts, a cross sectional area of 1 trand a height
The position indicated corresponds to the maximurff 0-5 mnt )-.
dose equivalent to which an operator can be exposedDose equivalent values have been_ calculated for_an
when manipulating these receptacles. Attention is drawyerage 7@ m basal layer depth. At this depth the main
to the fact that these drawings, for pedagogical reasorf@mponent of the dose resulting from supmal con-

show the operat@ hands antngers as far away from t@mination of the skin is due t@brays and electrons
the source as possible. from the radionuclide; thé& contribution to the dose is

The dose equivalents depicted take béthand & generally just a few per cent._Comparison betyveen the
components into consideration. It should, however, pglues due to a uniform (kmitely thin) deposit and
noted that in the case of a beaker (2 mm thick glais), those due to a droplet highlights the effects)adttenu-
components (other than those emitted by radionuclig&éion |n_t|ss_ue. _It is assu_med here that penetration of the
such asK, %Y and*4Pr) can be neglected. In the caséontamination in the skin can be neglected.
of a syringe (1 mm thick plastic), tHécontribution can
be highly signcant (e.g. 24 mSvit for 1 MBq 32P).

Note that good agreement is observed between tEeecay products
values quoted here and those found in the literétet Decaying radionuclides are generally treated as

%ray absorption in shielding gives rise to bremsstratfellows:

12
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I radionuclides (pareBprogeny) couples are assumed transfer of surface contamination to the skin leading
to be in equilibrium; to external extremity exposures
I calculations are performed for a nominal activity of  whole-body exposure due to surface contamination.

the parent nuclide (e.g. 1kBq.érh for uniform ) ) .
skin contamination):; The DSCL is déned by the following equation:

! parenBprogeny radionuclide decay schemes are 1/pscL=1/As,,,+ 1/AS, e
normally covered in a single sheet, but when physi- m naestion

cal separation of the constituents is possible (e.g. by + 1/ASyin + 1ASsr
elution), progeny products are treated in individu
sheets. Th&MoE*"Tc couple is an example of this
The reader willbnd both **MoBP*"Tc and **"Tc
sheets.

%here As is the activity per unit surface area of the
" contaminated zone leading to annual limits due to each
of the four modes of exposure (considered separately).
Limits of 20 mSv.y * and 500 mSvi* are considered
for whole body external exposure and skin exposure,
respectively. The most restrictive Allaaion @nd
ALl jhgesiionValues calculated for 20 mSv.y are used in
In the case of heavy element decay chains (e.g. leatie following derivations of surface activity for limiting
radium, uranium, plutonium and americium), where thénternal contamination.
parent and progeny are not necessarily in equilibrium
(e.g. after chemical separation or extraction of an .
element) the respective activities of each of the progerfyalculation of Ag,
in the chain will depend upon the age of the sample. It ag_is the value of the activity per unit surface area
is not possible to cover a_II situations Ilkely_to beqst the contaminated zone which leads to an Al ko
encountered _but the Appendix to this handbo_ok includefyse with an atmospheric re-suspension factgy,, bf
selected major heavy element decay chains and th§4 1 and an annual occupational exposure of 2000 h
e & fraction of the parant aetfy as a function of fma" & respiratory volume rate. R of 124 .
E X .
(age since separation) for 0.1 day, 1 day, 10 days, 1OOAS"°"m (Bg.cnt™) is given by the following equation:
days, 1 year, 10 years and 100 years. The parent radio-ASam = ALl innatatiod (Tam " 2000 R" 10%)
nuclides for which this information is provided are
marked@ Oin the main data sheets, including an indi- .
cation of thebrst and last elements within the chains. Calculation of Aggegion

A similar approach can be adopted if data on natural ASingestioniS the value of the activity per unit surface
uranium or re-constitute@aturaDuranium are required greq of the contaminated zone which leads to an

Decay of heavy elements

by taking into account the isotopic composition. ALl gesion d0OSE With an organ transfer factor,gLeion
The data in the Appendix are derived using RadDecay 1 cne.h¢ ! and an annual occupational exposure of
version 1.189. 2000 h. This component may simulate, for example, the
risk due to a chronic exposure at a working post.
Derived surface contamination limits ASingesion (Bg.cn?) is given by the following

. o . _equation:
The derived surface contamination limit (DSCL) is a q

non- regulatory quantity enabling exposure risks due to ASj,gestion= ALl ingestiod (2000 Tingestion
removable and/ofxed surface contamination to be
quantbed. Exposure to the DSCL leads to a dose which .
does not exceed the maximum annual occupationg@lculation of Ag,
exposure limit (corresponding to 2000 working hours). ag i ;

. . Ssin IS the value of the activity per unit surface area
A model is used to determine the DSCL value\:;ﬁ%:horredf the contaminated zone leading to an annual skin dose
sponding to the different radionuclides dealt of 500 mSv for an occupational exposure of 2000 h and
This model takes different modes of exposure and trang-gyin transfer factor T, of 0.1. It is assumed that

. . . . 1 skin R

fer parameters into consideration. These data are giventamination is eliminated on a daily basis when the
for completeness and the values do not supersede limjfs

. d b lati hich . bl er washes on leaving the working zone. Neither radio-
:ansgrse y regulations, which are invariably much, e decay nor the renewal of skin cells (which con-

ional it from: tribute towards eliminating radioactivity) are taken
Occupational exposures may result from: into account.

I transfer of surface contamination to the atmosphere ASsin (Bg.crii*?) is given by the following equation:

leading to internal exposure through inhalation AS.... = 500/(To. " 2000" D.
I transfer of surface contamination to the organism Ssin (Tekin )
through ingestion where O, (mSv.H'*) is a conversion coétient giving

13
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the dose rate in tissue beneath 7 md.érfor a skin practicable by appropriate maintenance and cleaning
contamination of 1 Bq.cHP(®4:15) operations. When accidental contamination (even of
very low level) occurs, decontamination must be carried
Calculation of A, out as quickly as possible.

Asq. (Bg.cnt*?) is the value of the activity per unit )
surface area of the contaminated zone leading to &ftection probes
effective dose equivalent of 20 mSv for an occupation Surface contamination due to many of the radio-
exposure of 20020 h . . . nuclides covered in these sheets can be detected with

As..s (Bg.cni ?) is given by the following equation: soft % % $, X ray or & probes.

As. = 20/(2000 Byor) . Preferences _givgn to particular types of prqbe or
instrument are indicated for each type of radiation. A
single+ means that such a type of probe or instrument
can possibly be used, doubte¢- means that this type of
probe or instrument is recommended, whilst the absence
of a + sign means that that type of probe or instrument
Alpha emitters is not suitable. Absence of & sign in any box means
. . ., that direct measurement is inappropriate and a wipe test,
i Thbe ENSCL ;aéue %?Frresgolrédgg t?ﬁrg%t rgdpnuchdem association with a suitable detection system, such as
lesl e fetﬁn dq.C p 1%?) B (ﬁﬁqic the and, |r} gler;]- liquid scintillation methods, would be appropriate. This
eral, IS or the order o d.cm. In the case or alpha applies only to tritium in this handbook but the same
emitters, the model can Ieacl to very restrictive valuegechnique can be applied with advantage to low levels
al Icr)]wer I'.E“t of 0.04 Bg.chi® has been imposed for o -ontamination of other radionuclides, especially those
alpha emitiers. with low penetration emissions.

where Dy, (MSv.H 1) is a conversion coétient giving
the effective dose equivalent 1 m abovBaor inbnitely
and uniformly contaminated at 1 Bq.ERf%.

Determination of removable and bxed
contamination values INTERNAL EXPOSURE

DSCL values enable derived limits to be determine
for removable (or norPxed) andbxed contamination.
The above limits enable the potential risk to users from Internal exposures resulting from ingestion and
surface contamination to be assessed together with timhalation are evaluated with the dose daménts,
most appropriate means for decontamination. €(Q)ngestion AN €(Ghnaiaion €XPressed in Sv.Bd, and

In the case of removable contamination, the deriveidentically given by the ICRP®, the IAEA Basic
limit is dePned as being equivalent to 1/10th of theSafety Standard® and the L159 Euratom Directi(@.
DSCL value of the radionuclide considered (this allow&isted values take the age of exposed individuals into
possible occupational exposures of other origins to eccount) 1 year, £ years, 27 years, P12 years, 1P
taken into consideration). 17 years ang 17 years) as well as their status (public

In the case obxed contamination, the derived levelor occupational exposure). In this handbook only occu-
is dePned as the value corresponding to a whole-bodyational exposures are considered.
exposure from a uniformly contaminat@dor equival- The committed effective dose per unit intake via
ent to 1/10th of the annual exposure limits of 20 mSvingestion is given for different gut transfer factog, f
The DSCL value for bxed contamination always values. This factor quaries the proportion of intake
exceeds the value for removable contamination. Faransferred to bodfRuids in the gut and depends on the
some radionuclides such &pureédbeta or alpha emit- chemical form of the radionuclide.
ters, the ratio of the two values can be highly skgaint The committed effective dose per unit intake via inha-
(radiation from the3oor being negligible). In this hand- lation is given for three default lung absorption types
book, the DSCL value foxed contamination is set at a (fast,moderate slow). These codicients depend on the
maximum of 100 times the derived limit for removablechemical form and particle size of the aerosol. It is
contamination (e.g. s¢éC on page 24). Regulations dorecalled that particle size is quapgid by aerodynamic
not usually include spelc limits for Pxed contami- median activity diameter (AMAD) parameters. Inha-
nation since its effect is taken into account in externdhtion coebcients are given for 1 and §m AMAD
radiation levels. values. Indication of the different forms for each nuclide
that correspond to different gut transfer factors and lung
absorption types are given in the data sheets. In some
cases, for example phosphorus and sulphur, where the

The level of removable contamination of workingnuclide may form part of the anion, the gut transfer
zones and materials must be kept as low as reasonakdgtor or lung absorption types may be predominantly

Eommitted effective dose per unit intake

Contamination control
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determined by the associated cation. These are indicateguipment (chemical benches, fume hoods, glove
in the data sheets. boxes) or in given working areas (controlled or super-
vised areas). Whilst the purpose of this handbook is to
provide data rather than advice on practices, it is felt
appropriate to include information ornaximum
Annual Limits on Intake by ingestion and inhalationrecommended activiti€s

(lingestion,. @Nd kohaiaion,) @re given in order to assist The data provided are appropriate to low and inter-
users who are not familiar with the dose per unit intakenediate level laboratories and not to high level labora-
coetrcients discussed above,glsion, @Nd lnhamion, e tories, where extensive professional radiation protection

Annual Limits on Intake (ALI)

calculated using the following relationskip: expertise will be available.
IL =D./e(g) )
where Q) is the average annual limit of 20 mSy, | Calculation models
values can be considered to be ALI values. The maximum activity (4) corresponding to a parti-

ALlingestion @Nd ALlphaiaion Values are given in the cular nuclide and handling situation is characterised by
data sheets for an average annual 20 mSv limit and tifee potential risk associated with handling sjreci
most restrictive e(g) values, respectively. They are cahuclides. External exposure due &and % radiation
culated valued?, not values given by ICRP, and userscomponents and the re-suspension of the nuclide in the
should be aware of this. The references should be coatmosphere are taken into consideration.

sulted, where appropriate, for further information. A, (Bq) is determined from the following relation-
ship:
The (ighest dose orga® VA, = UApera+ UAgammat LA oiatie

Various metabolic and dosimetric models havevhere A.. (Bq) and A..ma (BQ) represent the
enabled retention and excretion functions after intak@aximum activities determined for a point source at a
by inhalation by Reference Man to be establish&®.  distance of 30 cm in air. These activities are calculated
These models have also enabled committed whole-bogy the following dose rate limits:
and organ doses to be determined. Some organs prefer-
entially concentrate particular radionuclides. Theregore, 250( SV'Hil under 7 mg.crh” for beta components,
the data sheets indicate which is tidighest dose  10( Sv.H'* for gamma components.
orgarO(e.g. the thyroid in the case of iodine nuclides). A ... (Bq) is related to potential atmospheric con-
The Grighest dose org&depends on physicochemicaltamination risks directly dependent on the volatility of
form and whether intake results from ingestion or inhathe radioactive product.
lation. Only inhalation (for an AMAD of X m) is con- In free air, Ao iS given by the expression:
sidered in this handbook. It should also be noted that
these functions depend on the clearance time from theAvoraiie = 10°2 ALl inhataiodK,
pulmonary region to the remainder of the body (F, Myhere k is the volatility factor.

S). Therefore, théighest dose orgdmay also depend |t should be noted that the maximum recommended
on the elimination clas$Sr is an example; depending aciivities given in these sheets have been determined
on whether F or S classes are considered either bofiging the most restrictive Al}aaon values described

surface or lungs can be considered as peinghighest above; k values, related to the volatility of the product,
dose orga® However, for some chemical forms thegre déoned as follows:

associated anion or cation may be more important in
this context. I k=1: gases, substances with high saturation vapour

pressures of about 1 bar atZ) substances pen-
etrating the skin, particles smaller thar{ .
General ! k=0.1: substances with saturation vapour pressures
Internal exposure values are determined using various of about 0.1 bar at 3@, particles larger than 6m.
established metabolic and dosimetric models and k=0.01: low volatility substances with saturation
hypotheses, which are subject to review by ICRP. vapour pressures of about 0.01 bar a§Q0(e.g.

Interpretation of the results of these analyses should be water).
done by specialists I k=0.001: non-volatile substances with saturation

vapour pressures less than 0.01 bar gi20
MAXIMUM RECOMMENDED ACTIVITIES

Operators or competent radiation protection personngf]3
often require order-of-magnitude estimates on the
maximum activities that can be handled with available The following additional rules are used to determine

pendence of maximum recommended activities
equipment and working areas
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the recommended limits for benches, fume cupboardism (3H), tritiated water and’Ar have been deliberately
and glove boxes: reduced because of the Hdulty of detecting the corre-
. . ) ) . sponding surface or atmospheric contamination. This
' It is forbidden to manipulate highly volatile sub-factor can be mottied in particular ~ situations,
stances (B 0.01) or radionuclides with Allaaion  depending on survey and control frequencies. In the
values lower than 1000 Bg on chemical benchesise of iodine isotoped?, 123, 131), the existence of
because even a low level contamination could legdhticularly unstable states (with the possibility of |
to a signbcant ALkynaaionfraction that would be dif- rejease) has been considered. The corresponding limi-

Peult to detect. . tations are consequently much more stringent.
I Manipulating substances under a fume hood is con-

sidered to increase protection by a factor of 10 in
comparison with an open bench.

I Manipulating substances in a glove box is considere
to increase protection by a factor of 100 in compari- Handled or stored activity values must comply with
son with fume hoods. external exposure limits in situations where the external

I Maximum recommended levels of activity in superradiation hazard may be more restrictive than the
vised areas are nominally 3/10 of those in controllethternal radiation hazard. Attention is drawn to this fact
zones (this approximately represents the respectite the data sheets by the rema@Rubject to external
exposure limits dened for these areas). However,exposure requirements which may be more restri€ive
the installation of glove boxes in supervised zoneStored activities may exceed maximum recommended
is generally deprecated; the level of protectiomctivities by a factor of 10, subject to any limits imposed
afforded by a glove box is considered incompatibléy local or national regulations.
with the déenition of such zones. It should be noted In particular cases, listed values may be varied in
that the factor of 3/10 may be masked by roundingpcal regulations, based upon assessments by pro-
the data to one sighcant bgure; rounding in any fessional radiation protection specialists.
other way may imply an unjusted degree of accu-
racy in the models used for deriving the rec-
ommended levels of activity. DESCRIPTION OF DATA SHEETS

adiation control

General
Limitations - . . .
Individual data sheets provide datakme main areas,

namely basic radionuclide date, external exposure, con-
tamination, internal exposure and maximum rec-
The values indicated in these sheets apply mainly mmmended activities in laboratory situations. These are
the supervised and controlled areas of low and intedivided into physical characteristics, (half life, sgeci
mediate activity laboratories. Maximum recommendeectivity and decay scheme,,Aand A, reference trans-
activities have further been limited to: port activities, exemption levels, data for external
exposure forbve different geometries, external and
Group 1 (red) 0.5 GBq intgrnal exposure limits, appropriate contamination
Group 2 (orange) 5 GBq detection probes and half-value and tenth-value shield-
Group 3 (yellow) 5 GBq ing thicknesses. The maximum activities that can be
Group 4 (green) 5 GBq handled on benches, under fume hoods or in glove
Group 5 (blue) 50 GBq boxes are also given. ThHaighest dose orgdis indi-
These limits have been imposed because such labof&ted, even where this is the whole body. As described
tories are not generally equipped with either a meargarlier the data sheets are coloured red, orange, yellow,
for continuously monitoring the working environment,green or blue, indicating, in descending order of risk,
or for rejecting gases at a $afient height to ensure that the level of risk posed by the particular radionuclide.
no recycling takes place.
It should be noted that values calculated in com-
pliance with these rules amguide values and are only GLOSSARY
indicative since other non-quattable parameters such
as working methods and human factors must also %tivity
taken into account. Nevertheless, it has been observed
that when practices are performed in accordance with The number of nuclear transformations occurring in
these simple rules, only very low levels of atmospheria given amount of radionuclide per unit time. The SI
contamination and exposure occur. unit of activity is the reciprocal second?’ with the
The maximum recommended levels for elemental tritspecial name becquerel (Bq).

Area control

16



RADIONUCLIDE AND RADIATION PROTECTION DATA HANDBOOK 2nd Edition (2002)

Annual limit of intake where Oy i is the absorbed dose delivered by radiation
. . . . . . . type R averaged over a tissue or organ T angi$\the
The intake by inhalation or ingestion of a given rad'o'gl%iation weighting factor for type g radiat?gn. When

S . I
nuclide in a year by the Reference Man which WOUIqhe radiationbeld is composed of different radiation

result in a committed dose equal to the relevant do : i ,
limit. %?pes, the equivalent dose is;#' RWg Dy k.

B wahl Effective dose
remsstrahlun
g The quantity E, dened as a summation of the tissue

X rays produced by deceleration &b particles in equivalent doses, each multiplied by the appropriate
materials. tissue weighting factor (E' tW+; H; where H is the
equivalent dose in tissue T and,W the tissue weight-
Committed equivalent dose ing fa<_:tor for tissue T). From the &aition of equivalent

dose it follows that E' W' gWg D1k.

Following an intake to the body of a radioactive
material, the time integral of the equivalent dose rate iS,jioactive half-life
called the committed equivalent dose. If the integration
time following the intake is not speeéd, it is implied Time required for a radioactive substance to lose 50%

that the value is 50 years for adults. of its activity by radioactive decay.

Equivalent dose Half-value and tenth-value thickness (or layer)

The thickness of material necessary to reduce the
intensity of X or gamma radiation by a factor of 2 and
Hrr =WgrDrr 10, respectively.

The equivalent dose, + is debned as
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TABLE OF RADIONUCLIDES LISTED

Nuclide

Tritium
Beryllium - 7
Carbon - 11
Carbon - 14
Nitrogen - 13
Oxygen - 15
Fluorine - 18
Sodium - 22
Sodium - 24
Aluminium - 26
Silicon - 31
Phosphorus - 32
Phosphorus - 33
Sulphur - 35
Chlorine - 36
Argon - 37
Argon - 41
Potassium - 40
Potassium - 42
Potassium - 43
Calcium - 45
Calcium - 47 / Scandium - 47
Scandium - 46
Scandium - 47
Vanadium - 48
Chromium - 51
Manganese - 52m
Manganese - 52
Manganese - 54
Manganese - 56
Iron - 52

Iron - 55

Iron - 59

Cobalt - 56
Cobalt - 57
Cobalt - 58
Cobalt - 60
Nickel - 63
Nickel - 65
Copper - 64
Copper - 67
Zinc - 65
Gallium - 66
Gallium - 67
Gallium - 68

K1)

K 10)

(°*Cay)

“Cay / “'SGy)
Scy)

1Scy)

19

Arsenic - 73

Arsenic - 74

Arsenic - 76

Arsenic - 77

Selenium - 75

Bromine - 77

Bromine - 82

Krypton - 81

Krypton - 83m

Krypton - 85

Krypton - 85m

Rubidium - 86

Strontium - 85

Strontium - 89

Strontium - 90 / Yttrium - 90
Yttrium - 90

Yttrium - 91

Zirconium - 95 / Niobium - 95

Molybdenum - 99/ Technetium - 99m

Technetium - 99m
Technetium - 99

Ruthenium - 103 / Rhodium - 103m
Ruthenium - 106 / Rhodium - 106
Palladium - 103 / Rhodium - 103m

Silver - 110m
Silver - 111
Cadmium - 109
Indium - 111
Indium - 113m
Indium - 115m
Tin - 125
Antimony - 122
Antimony - 124

Antimony - 125 / Tellurium - 125m

Antimony - 126
Tellurium - 123m
Tellurium - 125m
Tellurium - 132 / lodine - 132
lodine - 123
lodine - 124
lodine - 125
lodine - 129
lodine - 131
lodine - 132
lodine - 133
Xenon - 133
Caesium - 131

)
LZr a0 1 9Nbyy)
9042 / 99T Cy3)
L TCsa)
LTcsd)
RU | 1 Rh)
R, / RN
Pl / 1°Rh,g
{o"Aga7)
{+*Ad,r)
Cdg)
{*Inyg)
{+3"nyg)
{+°"Nyg)
(°Snyo)
{**shsy)
{**Shsy)
1€°Shs, /125" Tes,)
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Caesium - 134
Caesium - 137 / Barium - 137m
Barium - 133
Barium - 140 / Lanthanum - 140
Lanthanum - 140
Cerium - 139
Cerium - 141
Cerium - 143
Praseodymium - 143
Praseodymium - 144
Promethium - 147
Samarium - 153
Europium - 152
Europium - 154
Europium - 155
Europium - 156
Erbium - 169
Thulium - 170
Thulium - 171
Ytterbium - 169
Rhenium - 186
Rhenium - 188
Iridium - 192

Gold - 198

Mercury - 197
Mercury - 203

t*Csss)
HCsss/ *""Base)

{*Hgeo)

113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

20

Thallium - 201
Thallium - 204
Lead - 210

Lead - 214
Bismuth - 207
Bismuth - 210
Bismuth - 214
Polonium - 210
Radium - 226
Thorium - 231
Thorium - 234
Protactinium - 234
Protactinium - 234m
Uranium - 233
Uranium - 234
Uranium - 235
Uranium - 238
Neptunium - 239
Plutonium - 238
Plutonium - 239
Plutonium - 240
Plutonium - 241
Americium - 241
Americium - 243
Curium - 244
Californium - 252

°'Tlgy)
€%Tlay)
{%Phy;)
{Phy;)
{°Bigs)
{'Biga)
{“Bisa)
P
PRasg)
> Theo)
{>Theo)
Payy)
F"Payy)
Uey)
*Usy)
%oy
%Usy)
TNpoa)
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APPENDIX B HEAVY ELEMENT DECAY

Pb-210 decay Pb-210 to Po-210 (see pages 13 and 141)

Nuclide Half-life 0.1 day 1 day 10 days 100 days 1 year 10 years 100 years
Pb-210 2.22E1 yr 1.008:00 1.00800 1.00800 1.00800 1.00600 1.00800 1.00E00
Bi-210 5.0160d 1.37E-02 1.29E-01 7.48E-01 1.00B 1.00E-00 1.00800 1.00E-00
Po-210 1.38E2 d 3.44E-06 3.30E-04 2.52E-02 3.69E-01 8.43E-01 140PE 1.02E-00
Ra-226 decay Ra-226 to Po-210 (see pages 13 and 147)

Nuclide Half-life 0.1 day 1 day 10 days 100 days 1 year 10 years 100 years
Ra-226 1.60E3 yr 1.00800 1.00800 1.00800 1.00800 1.00800 1.00B00 1.008-00
Rn-222 3.82E0 d 1.80E-03 1.65E-01 8.40E-01 1.0 1.00800 1.00B800 1.008-00
Po-218 3.05E0 min 1.74E-02 1.65E-01 8.40E-01 1.0 1.00800 1.00600 1.008-00
Pb-214 2.68E1 min 1.27E-02 1.61E-01 8.30E-01 1.060 1.00E-00 1.00E00 1.00E-00
Bi-214 1.99E1 min 9.46E-03 1.58E-01 8.30E-01 1.06® 1.00800 1.00800 1.008-00
Po-214 1.64E-4 sec 9.46E-03 1.58E-01 8.30E-01 O00E 1.00600 1.00800 1.00E00
Pb-210 2.22E1 yr 2.70E-08 6.60E-06 4.55E-04 8.01E-03 3.01E-02 2.66E-01 9.73E-01
Bi-210 5.0160d 8.90E-11 2.84E-07 1.69E-04 7.40E-03 2.95E-02 2.66E-01 9.73E-01
Po-210 1.38€2 d 8.40E-15 3.44E-10 2.40E-06 1.41E-03 1.57E-02 2.53E-01 9.73E-01
U-235 decay U-235 to Po-211 (see pages 13 and 154)

Nuclide Half-life 0.1 day 1 day 10 days 100 days 1 year 10 years 100 years
U-235 7.04B8 yr 1.008:00 1.00800 1.00800 1.00800 1.00600 1.00800 1.00E00
Th-231 2551 hr 6.31E-02 4.78E-01 1.0680 1.00800 1.00800 1.00B00 1.008-00
Pa-231 3.28E4 yr 1.84E-10 1.53E-08 4.90E-07 5.70E-06 2.10E-05 2.11E-04 2.11E-03
Ac-227 2.1881 yr ! E-10 | E-10 1.90E-10 2.44E-08 3.30E-07 3.03E-05 1.48E-03
Fr-223 2.18E1 min I E-10 I E-10 I E-10 3.36E-10 4.55E-09 4.18E-07 2.04E-05
Ra-223 1.14€1 d I E-10 ! E-10 I E-10 2.42E-10 4.17E-09 4.15E-07 2.04E-05
Rn-219 3.96E0 sec ! E-10 ! E-10 ! E-10 2.42E-10 4.17E-09 4.15E-07 2.04E-05
Po-215 1.78E-3sec ! E-10 ! E-10 ! E-10 2.42E-10 4.17E-09 4.15E-07 2.04E-05
Pb-211 3.61E1 min I E-10 I E-10 I E-10 2.42E-10 4.17E-09 4.15E-07 2.04E-05
Bi-211 2.138-0 min I E-10 ! E-10 I E-10 2.42E-10 4.17E-09 4.15E-07 2.04E-05
TI-207 4.7780 min ! E-10 ! E-10 ! E-10 2.42E-10 4.15E-09 4.14E-07 2.03E-08
Po-211 5.16E-1 sec I E-10 I E-10 I E-10 I E-10 I E-10 1.13E-09 5.6E-08
Th-227 18781 d ! E-10 ! E-10 ! E-10 1.44E-08 2.81E-07 2.95E-05 1.45E-03
Ra-223 1.14E1 d I E-10 I E-10 I E-10 9.76E-09 2.55E-07 2.93E-05 1.45E-03
Rn-219 3.96E0 sec I E-10 I E-10 I E-10 9.76E-09 2.55E-07 2.93E-05 1.45E-03
Po-215 1.78E-3 sec I E-10 I E-10 I E-10 9.76E-09 2.55E-07 2.93E-05 1.45E-03
Pb-211 3.61E1 min ! E-10 | E-10 ! E-10 9.75E-09 2.55E-07 2.93E-05 1.45E-03
Bi-211 2.136-0 min I E-10 I E-10 I E-10 9.75E-09 2.55E-07 2.93E-05 1.45E-03
TI-207 4.77680 min I E-10 I E-10 I E-10 9.72E-09 2.55E-07 2.92E-05 1.45E-03
Po-211 5.16E-1 sec ! E-10 ! E-10 ! E-10 ! E-10 6.97E-10 7.99E-08 3.97E-06
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U-238 decay U-238 to Po-210 (see pages 13 and 155)
Nuclide Half-life 0.1 day 1 day 10 days 100 days 1 year 10 years 100 years
U-238 4.4789 yr 1.008:00 1.00800 1.00600 1.00800 1.00800 1.00B00 1.008-00
Th-234 24181 d 2.87E-03 2.83E-02 2.50E-01 9.44E-01 1.60& 1.00E00 1.00E-00
Pa-234m 1.17#0 min 2.83E-03 2.83E-02 2.50E-01 9.44E-01 1.80& 1.00800 1.008-00
Pa-234 6.70EO hr 5.14E-07 2.87E-05 3.86E-04 1.50E-03 1.60E-03 1.60E-03 1.60E-03
U-234 2.4485 yr ! E-10 ! E-10 ! E-10 8.30E-10 4.10E-09 4.49E-08 4.3E-07
Th-230 7.784 yr I E-10 I E-10 I E-10 I E-10 I E-10 I E-10 2.0E-10
Ra-226 1.60E3 yr I E-10 ! E-10 I E-10 I E-10 I E-10 I E-10 I E-10
Rn-222 3.82E0 d ! E-10 | E-10 ! E-10 | E-10 ! E-10 I E-10 ! E-10
Po-218 3.05E0 min ! E-10 ! E-10 ! E-10 | E-10 ! E-10 I E-10 ! E-10
Pb-214 2.68E1 min I E-10 I E-10 I E-10 I E-10 I E-10 I E-10 I E-10
Bi-214 1.99E-1 min I E-10 I E-10 I E-10 ! E-10 I E-10 I E-10 I E-10
Po-214 1.64E-4sec ! E-10 ! E-10 I E-10 | E-10 ! E-10 I E-10 ! E-10
Pb-210 2.23E1 yr ! E-10 ! E-10 ! E-10 ! E-10 ! E-10 I E-10 ! E-10
Bi-210 5.060 d I E-10 I E-10 I E-10 I E-10 I E-10 I E-10 I E-10
Po-210 1.38€2 d I E-10 I E-10 ! E-10 ! E-10 I E-10 I E-10 I E-10
U-234 2.4485 yr ! E-10 1.01E-08 1.01E-18 5.21E-07 2.56E-06 2.80E-05 2.83E-04
Th-230 7.784 yr I E-10 I E-10 I E-10 I E-10 I E-10 1.25E-09 1.27E-07
Ra-226 1.60E3 yr ! E-10 I E-10 ! E-10 I E-10 I E-10 ! E-10 2.27E-10
Rn-222 3.8280 d ! E-10 ! E-10 ! E-10 ! E-10 ! E-10 I E-10 1.81E-09
Po-218 3.05E0 min ! E-10 ! E-10 ! E-10 ! E-10 ! E-10 ! E-10 1.81E-09
Pb-214 2.68E1 min I E-10 I E-10 I E-10 I E-10 I E-10 I E-10 1.81E-09
Bi-214 1.99E-1 min I E-10 I E-10 I E-10 I E-10 I E-10 ! E-10 1.81E-09
Po-214 1.64E-4 sec ! E-10 ! E-10 ! E-10 ! E-10 ! E-10 I E-10 1.81E-09
Pb-210 2.23E1 yr ! E-10 ! E-10 ! E-10 ! E-10 ! E-10 ! E-10 8.44E-10
Bi-210 5.0160 d I E-10 I E-10 I E-10 I E-10 I E-10 I E-10 8.44E-10
Po-210 1.38E2 d I E-10 I E-10 I E-10 I E-10 I E-10 ! E-10 8.28E-10
Pu-241 decay Pu-241 to Pb-209 (see pages 13 and 160)
Nuclide Half-life 0.1 day 1 day 10 days 100 days 1 year 10 years 100 years
Pu-241 1.44E1 yr 1.008:00 1.00800 1.00800 1.00800 1.00600 1.00800 1.00E00
Am-241 4.3282 yr 4.39E-07 4.39E-06 4.39E-05 4.48E-04 1.64E-03 2.04E-02 3GBE
Np-237 2.1486 yr ! E-10 ! E-10 ! E-10 ! E-10 2.69E-10 3.58E-08 9.85E-05
Pa-233 2.70E1 d ! E-10 | E-10 ! E-10 | E-10 2.17E-10 3.51E-08 9.85E-05
U-233 1.59E5 yr I E-10 I E-10 I E-10 I E-10 I E-10 I E-10 1.85E-08
Th-229 7.3483 yr I E-10 ! E-10 I E-10 I E-10 I E-10 I E-10 I E-10
Ra-225 1.48€1 d ! E-10 | E-10 ! E-10 ! E-10 ! E-10 I E-10 ! E-10
Ac-225 1.0081 d ! E-10 | E-10 ! E-10 ! E-10 ! E-10 I E-10 ! E-10
Fr-221 4.88-0 min I E-10 I E-10 I E-10 I E-10 I E-10 I E-10 I E-10
At-217 3.23E-2 sec I E-10 I E-10 I E-10 ! E-10 I E-10 I E-10 I E-10
Bi-213 4.568-1 min ! E-10 ! E-10 ! E-10 ! E-10 ! E-10 I E-10 ! E-10
TI-209 2.20 B0 min I E-10 I E-10 I E-10 I E-10 I E-10 I E-10 I E-10
Pb-209 3.24E0 hr I E-10 I E-10 I E-10 I E-10 I E-10 I E-10 I E-10
Po-213 4.20E-6 sec ! E-10 ! E-10 ! E-10 ! E-10 ! E-10 ! E-10 I E-10
Pb-209 3.25E0 hr I E-10 I E-10 I E-10 I E-10 I E-10 I E-10 I E-10
U-237 6.756 2.50E-07 2.39E-06 1.57E-05 2.48E-05 2.46E-05 2.45E-05 2.45E-05
Np-237 2.1486 yr ! E-10 ! E-10 ! E-10 ! E-10 ! E-10 I E-10 2.00E-08
Pa-233 2.70E1 d I E-10 I E-10 I E-10 I E-10 I E-10 I E-10 2.00E-08
U-233 1.59E5 yr I E-10 I E-10 I E-10 I E-10 I E-10 I E-10 I E-10
Th-229 7.3483 yr I E-10 I E-10 ! E-10 I E-10 I E-10 ! E-10 I E-10
Ra-225 1.48€E1 d ! E-10 ! E-10 ! E-10 ! E-10 ! E-10 ! E-10 ! E-10
Continued
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Pu-241 decay(Continued)

Ac-225 1.0081 d ! E-10 ! E-10 I E-10 ! E-10 ! E-10 I E-10 I E-10
Fr-221 4.88-0 min 1 E-10 ! E-10 1 E-10 ! E-10 1 E-10 1 E-10 I E-10
At-217 3.23E-2 sec I E-10 I E-10 I E-10 I E-10 I E-10 I E-10 I E-10
Bi-213 4.56E1 min ! E-10 ! E-10 ! E-10 ! E-10 ! E-10 I E-10 ! E-10
TI-209 2.20 B0 min ! E-10 ! E-10 ! E-10 ! E-10 I E-10 I E-10 I E-10
Pb-209 3.24E0 hr I E-10 I E-10 I E-10 I E-10 I E-10 I E-10 I E-10
Po-213 4.20E-6 sec ! E-10 ! E-10 ! E-10 ! E-10 ! E-10 I E-10 ! E-10
Pb-209 3.25K0 hr ! E-10 ! E-10 ! E-10 ! E-10 I E-10 I E-10 I E-10
Am-243 decay Am-243 to Po-211 (see pages 13 and 162)

Nuclide Half-life 0.1 day 1 day 10 days 100 days 1 year 10 years 100 years
Am-243 7.38E3 yr 1.0000 1.00800 1.00800 1.00800 1.00B00 1.008B00 1.00E00
Np-239 2.3580 d 2.90E-02 2.55E-01 9.47E-01 1.068® 1.00800 1.00600 1.008-00
Pu-239 2.41E4 yr 1.14E-10 1.05E-08 5.33E-07 7.60E-06 2.84E-05 2.87E-04 2.88E-03
U-235 7.04E8 yr I E-10 I E-10 I E-10 I E-10 I E-10 I E-10 1.42E-10
Th-231 2.55H1 hr ! E-10 ! E-10 ! E-10 ! E-10 ! E-10 I E-10 1.42E-10
Pa-231 3.28FE4 yr ! E-10 ! E-10 ! E-10 ! E-10 I E-10 I E-10 I E-10
Ac-227 2.18H1 yr I E-10 ! E-10 I E-10 ! E-10 I E-10 1 E-10 I E-10
Fr-223 2.18E1 min ! E-10 ! E-10 ! E-10 ! E-10 ! E-10 I E-10 ! E-10
Ra-223 1.14E1 d ! E-10 ! E-10 ! E-10 ! E-10 ! E-10 I E-10 ! E-10
Rn-219 3.96E0 sec I E-10 ! E-10 I E-10 ! E-10 I E-10 I E-10 I E-10
Po-215 1.78E-3 sec ! E-10 I E-10 I E-10 ! E-10 I E-10 I E-10 I E-10
Pb-211 3.61E1 min I E-10 ! E-10 ! E-10 ! E-10 ! E-10 I E-10 ! E-10
Bi-211 2.13E0 min I E-10 ! E-10 I E-10 ! E-10 ! E-10 I E-10 ! E-10
TI-207 477680 min I E-10 I E-10 I E-10 I E-10 I E-10 I E-10 I E-10
Po-211 5.16E-1sec ! E-10 ! E-10 I E-10 ! E-10 ! E-10 ! E-10 ! E-10
Th-227 1.8781 d I E-10 I E-10 I E-10 ! E-10 ! E-10 ! E-10 I E-10
Ra-223 1.14€1 d I E-10 I E-10 ! E-10 I E-10 1 E-10 ! E-10 1 E-10
Rn-219 3.96R0 sec I E-10 I E-10 ! E-10 ! E-10 I E-10 ! E-10 I E-10
Po-215 1.78E-3sec ! E-10 ! E-10 I E-10 ! E-10 ! E-10 ! E-10 ! E-10
Pb-211 3.61E1 min I E-10 I E-10 I E-10 ! E-10 ! E-10 ! E-10 I E-10
Bi-211 2.13B-0 min I E-10 I E-10 I E-10 I E-10 I E-10 ! E-10 I E-10
TI-207 4. 7780 min I E-10 I E-10 I E-10 I E-10 I E-10 I E-10 I E-10
Po-211 5.16E-1 sec I E-10 ! E-10 I E-10 ! E-10 ! E-10 ! E-10 I E-10
Note:

The above tables for U-235, U-238, Pu-241 and Am-243 should be read in conjunction with the corresponding decay chains
shown overleaf. These chains clearly show the branching in the decay chains, clarifying the lines apparently repeated in the tables.
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U-235 Decay Chain U-238 Decay Chain

0.00160

0.98620 0.01380

0,00273 0.00273

Pu-241 Decay Chain Am-243 Decay Chain

0.00002 0.99998

0.00273 | #''po 0.00273 | *''Po
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