
CHAPTER 14 

RADIOCHEMICAL AND NUCLEAR METHODS 
S. A. Reynolds* 

Radiochemical analysis^"'' is concerned with the determination of 
the radioactivity associated with the elements in a sample. Such 
measurements may subsequently be used to compute masses or con­
centrations, but the activity measurement is the primary one. The 
radiochemist must be familiar with the chemistry of many elements, 
including the rarer ones, and must know something of the physics of 
radioactive decay and radiation detection. Eadiochemistry became of 
great importance over, 20 years ago with the beginning of the Manhat­
tan Project,' and this importance has increased with the establishment 
of the tr .S. Atomic Ener_gy Commission (AEC) programs, the wide­
spread use of radioisotopes, the worldwide construction of reactors, 
and the development of radioactivation analysis. 

14-1 TECHNIQUES AND APPARATUS 

14—1.1 Separation Methods 

Radiochemical separation methods ""̂ ^ include precipitation, solvent 
extraction, distillation, ion exchange, and chromatography. Pub­
lished methods, such as those described in sec. 14-4 and in various 
chapters of this book, furnish many examples. Since radioelements 
are often present in very low chemical concentrations, effects such as 
sorption on surfaces, anomalies in solvent extraction, etc., must be 
guarded against. These effects may be eliminated by the addition of 
an acid, a complexing agent, or a carrier to a radioelement solution. 
A carrier is a material chemically similar to, or identical with, a given 
radionuclide. An isotopic carrier is the ordinary stable element with 
which the radioactive species is isotopic. 

In separations employing an isotopic carrier, the interchange of 
the carrier and the radioelement is an essential first step (Refs. 1, 4, 
5. and 12). This interchange is achieved by acidification, by the for­
mation of a complex, or by oxidation and/or reduction. Once the 
interchange has been achieved, losses of carrier and radionuclide are 
proportional; therefore the radioactivity ultimately measured"^ can 
be simply corrected for yield or recovery. Later steps in a typical 
analysis include separation from other activities and inactive species, 
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Table 14.1—INSTRUMENTS USED FOR VARIOUS TYPES OF RADIO­
ACTIVITY 

Ins t rument* 

Radiat ion 

Alpha 
Beta 

0 - + ^+) G a m m a X-ray t 

Windowless proportional counter , _ 
Thin-window proportional counter . 
Solid scintillation detector 

NaI (T l ) ' 5 
Thin Nal (Tl ) wafer 

Liquid scintillation counter '« 

X 
X 
X 

X 
X 
X 

X 
X 

Semiconductor detector " 
End-window or glass-wall Geiger counter , 
Ionization chamber 

With high-pressure gas 

X 

X 

X (especially for low 
energy beta) 

X 
X X 

•Text references apply except for ones specifically noted in this table. 
tFor example, from electron-capture decay. 

measurement of recovery (by gravimetric, colorimetric, or other 
method), and activity determination. 

14—1.2 Measurement 

Instruments used for measuring various types of radioactivity are 
summarized in Table 14.1 (Refs. 1, 2, 4, 13, and 14). For testing 
reproducibility of instrument performance, a reference standard is 
used. This standard is a long-lived source of the type of radiation 
measured by a given instrument. Thus Pu"" or Am^*^ is a suitable 
alpha standard; Pa^^ (UXa) in equilibrium with U^^* (natural 
uranium) is satisfactory for beta; and Cs^''' or Ra"" can be used for 
gamma detectors. For absolute measurements, standards are used to 
calibrate measuring devices. Such standards are usually prepared 
by 47r counting, coincidence counting, and defined-geometry tech­
niques.^^' " ' 1̂  Standards are supplied in the United States by the 
National Bureau of Standards and private companies. Calibrations 
must be made under the conditions encountered in the use of the 
instruments, with respect to the size and positioning of the source, 
solids content (especially for alpha and beta counting)^ etc. 

14—1.3 Instrumental Analysis 

The half life and the type and energy of radiation of a nuclide can 
be used to identify it and to make quantitative analyses of mixtures 
(Refs. 1, 2, 4, 14, and 15). In a mixture of nuclides, an analysis can 
be made by resolving decay data by graphical or analytical means. 
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provided the half lives are short and sufficiently different. Mixtures 
of beta emitters can be resolved in a similar way by taking absorption 
data in aluminum. 

The most important instrumental methods involve the use of spec­
trometers. Mixtures of alpha-emitting nuclides are frequently an­
alyzed by spectra obtained from gridded ionization chambers " or 
diode detectors.^' Beta spectro are obtained by scintillation spec­
trometry with organic solid or liquid phosphors. Much use is made 
of gamma spectrometry in which cylindrical sodium iodide detectors 
are employed. The principles and applications of the method have 
been discussed extensively elsewhere (Refs. 1, 2, 4, 14, 15, 20, and 21). 
I t is sufficient to note that data are availalble for converting observed 
counting rates under photopeaks to absolute photon-emission rates 
(hence to disintegration rates), that techniques (at present largely 
graphical) are available for resolving spectra of mixtures to obtain 
quantitative activities of individual components, and that many in­
struments (both simple and complicated) are commercially available. 
Table 14.2 lists a number of nuclides commonly measured by gamma 
spectrometry, along with their principal energies and intensities of 
gamma radiation.^^ 

14—1.4 Statistics 
All measurements are subject to random error since the measure­

ment of radioactive decay is itself a statistical process. At low activity 
(few counts) large errors occur, and at high activity dead-time losses 
become important. Such errors have been discussed in Refs. 1, 2, 14, 
22, and 23. I t should be noted that any radiochemical method has 
an inherent error, independent of the random error in measurement, 
which may range from a fraction of one percent to several percent. 
Properly, the method error should be combined with the counting 
error (root-mean-square combination) to estimate the error in a 
particular analysis. 

14—1.5 Sources of Nuclear Data 

Properties of radionuclides, such as half lives, radiation energies, 
and intensities, etc., can be found in various tabulations (Refs. 15, 
21, and 24 to 27). In preparing one of these tabulations, Ref. 21, an 
attempt was made to select the best values of half lives and absolute 
gamma intensities. In gamma spectrometry it is essential that the 
absolute gamma intensities be known. 

14-2 ACTIVATION ANALYSIS 

In radioactivation analysis the elemental content of radioisotopes 
induced by nuclear-particle bombardment is measured (Refs. 1 to 4, 9, 
10, and 28 to 31). Several different types of bombarding particles have 
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Table 1 4 . 2 — I M P O R T A N T G A M M A - R A Y E M I T T E R S 

Nuclide* 

Ar<i 
^giiom, no 

Am«' 
Au™ 

Ba"» 
Br82 

C a " 
Ce"i 
Ce>« 
Co«» 

Cs™ 
Cs»37-Ba'""-
Fe59 

Hg«»3 
J131 

K « 
Kr85 

La"» 
MnM 
Mn58 
Na22 

Na2< 

Nb's ,.__. 
Ru'<B '_, 
Rui»»-Rh'»« 

Sbi2* 

Sbi25 

S c " 

Sn"'-In"3m 

SrM 
U^ss '_ 

X e " ' 
Zn6« 

Zr's 

Half life 
Decay 
mode 

Major gammas 

Energy Intensity f 

110 min 
253 days 

460 years 
2.69 d a y s . - , - _ 
12.8 d a y s . - - - -
36 hr 
4.6 days 
33 days 
285 d a y s . . - - -
5.27 years 

2.05 years 
30 years - -
45 days - -

46 days - -
8.08 d a y s . . . - -
12.5 hr - -
10.6 y e a r s . - - -
40 hr - -
314 days 
2.58 hr . . 
2.6 years - . 

15.0 hr 

35 days - -
40 days - -
I.O years - -

60.4 d a y s - - . - -

2.8 years --
84 days -_ 

112 days 
64 days 
7.1X108 years 
5.3 days 
245 days 

65 days - . 

0-

r 
0-

r 

0~ 

h 
0-

e(r) 

1.30 
0.66 

to. 90 
0.060 
0 .41 
0 .64 
0. 77 
1.30 
0. 145 

0. 134 
1. 17 
1.33 
0 .60 
0. 66 
1. 10 
1. 29 
0 .28 
0 .36 
1.52 
0 .62 
1.60 
0 .84 
0. 84 

10.51 
1.27 
1.37 
2 .75 
0. 76 
0 .50 
0 .51 
0.62 
0 .60 
1. 69 

JO. 44 
0 .89 
L 12 
0 .39 
0 .51 
0. 185 
0 .081 
1. 11 

10.51 
0.72 
0. 76 

•In alphabetical order of symbols. 
t Photons emitted per dlBintegratlon. 
X Mixture of gammas not resolved by scintillation 

spectrometry. 

1 Annihilation radiation. 
§ e=electron capture. 
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been employed, but the most useful is the neutron, which is copiously 
available in nuclear reactors. Charged-particle reactions are not dis­
cussed in this section. The radionuclides produced possess character­
istic half lives and types and energies of decay. These characteristics 
make possible identification of radionuclides and lead to identification 
of the elements present in a sample. Activation thus constitutes a 
qualitative tool of some versatility. 

14—2.1 Quantitative Determinations 

Measurements of the quantity of a given element may be done on 
the basis of the equation 

0.60(T<^[l-exp ( - A O I 

where W= weight of target element, g 
A = activity of product radionuclide, sec"^ 
M= atomic weight of target element 
(7= atomic activation cross section, bams 
<^= neutron flux, neutrons/cmVsec 
A= decay constant of radionuclide, sec"^ 
t= time of bombardment, sec 

The cross section is the probability of the reaction, which is dependent 
on the target nuclide and the energy of the neutrons. Tabulations of 
cross sections for neutron reactions are available.^^ Values are usually 
given in barns; a bam is 10-̂ * cm^ Values are normally given for 
particular nuclides. A useful quantity is the atomic-activation cross 
section for capture of neutrons, which is the product of the cross sec­
tion of a given nuclide for the production of a radioactive product 
multiplied by its natural isotopic abundance. For example, the cross 
section of Fe''** for the production of Fe^" is 1 barn; its abundance is 
0.3 per cent. The atomic-activation cross section of iron for the 
production of Fe'̂ " is thus 0.003 barn. 

The above discussion is the basis for the absolute method of activa­
tion analysis, in which a sample is bombarded for a definite time at a 
known flux, the disintegration rate of the element of interest is meas­
ured, and the weight of that element is calculated from the values for 
the cross section and the half life. This method is often not satis­
factory because it is not easy to measure the neutron flux accurately 
and because cross sections are not knoM-n precisely for many elements. 
A simpler and more accurate approach is the comparative method, in 
which a standard containing a known amount of the element of interest 
is bombarded along with the unknown sample. The activity of the 
desired element is measured in the standard and the unknown; a sim­
ple activity ratio gives a resultant value in terms of the weight of the 
element in the unknown. 
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In simple cases much of the induced activity in a sample may be due 
to the element or elements of interest. A nondestructive method such 
as gamma spectrometry can be used for analysis. In general, however, 
a chemical separation of the desired element is necessary. In most 
analyses a carrier is used. 

The procedure consists of the following steps: (1) preparation of 
the sample [grinding, cutting, or other steps (preseparation occasion­
ally is necessary)] ; (2) bombardment of the sample and the stand­
ard; (3) separation of the activity of the desired element from other 
activities (if necessary); and (4) measurement of the activity of the 
element in the sample and the standard. 

14—2.2 Advantages and Limitations 

The advantages and limitations of activation analysis have been 
discussed at length.̂ **' '^' ̂ * Among the advantages the most impor­
tant is its spectacular sensitivity for many elements.^'' ^^ From the 
equation given earlier, the weight of a given element required to 
produce a preassigned activity is readily calculated. If this activity 
is the smallest quantity that can be readily measured, the weight of the 
target element becomes the limit of measurement. Note that high 
flux, a large cross section, and a short half life lead to a low limit, or 
great sensitivity. Winchester ^̂  has prepared a table of the limits in 
nanograms (10'" g) for 73 elements, assuming that the activity of the 
product radionuclide is 10 dis/sec, the neutron flux is 10" neutrons/ 
cmVsec, and the times are 1 and 150 hr. For many elements the limits 
by activation are lower than by any other method.'^ They range up­
ward from the order of 10"̂ ^ g for rhodium, indium, europium, and 
dysprosium. Typical values in nanograms (ng) are: sodium, 0.08, 
aluminum, 0.2, chlorine, 0.4, vanadium, 0.02, copper, 0.03, and silver, 
0.003. On the other hand, the sensitivity for some elements is very 
poor because of a low cross section or a long half life. 

The activation method is quite fast and simple in many instances. 
I t is usually free of interference because the activity of the desired 
element is unlikely to be introduced after bombardment, and tests for 
the presence of foreign activities can be made by instrumental tech­
niques. Thus no special precautions are necessary to avoid introduc­
ing small amounts of the desired constituent, once bombardment has 
been completed; and methods of assuring that the desired activity is 
being measured are easily applied. Limitations, in some cases, include 
intense radioactivity of certain samples, self-shielding and moderation 
by the sample matrix material, and nuclear reactions in other elements 
yielding the desired radionuclide. Matrix effects include an enhance­
ment of several per cent in the specific induced activity of a given 
element by the moderation of neutrons by low atomic number element 
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atoms, particularly hydrogen in aqueous samples.^^ More serious 
errors can result from self-shielding if the matrix of the sample or the 
standard has a high absorption cross section for neutrons of either 
thermal or resonance energies;'" such an error can be as large as 50 
per cent or more. 

14—2.3 Facilities and Applications 

In choosing a source of neutrons for activation analysis, one must 
consider a number of factors." These include the magnitude of the 
flux, its stability and spatial gradient, and the spectrum (energy dis­
tribution) . Further, one must think of the temperature developed in 
the target, the accessibility of the bombardment position, the ease of 
handling the materials, and the economics of the operation. The most 
prolific source of slow neutrons is a reactor, and most activation analy­
sis has involved the use of such a device.^ Accelerators, particularly 
of the Cockroft-Walton and Van de Graaff type, are also' used as 
neutron sources (Refs. 29, 33, 38, and 39). So-called "isotope sources" 
are also used; these consist of an alpha or gamma emitter in contact 
with beryllium or boron. Examples are antimony-beryllium *" and 
americium-beryllium" preparations. The accelerator and isotope 
sources furnish fast neutrons, which are useful for the determination 
of oxygen,*^ nitrogen, and other light elements. Transportation and 
laboratory facilities range from very simple*" to rather complex 
ones,^^' *^ depending upon the levels of radioactivity. Applications 
have been numerous.^' In addition to those uses listed in Sec. 14-
6.1(c), activation has been used for determining rare earths,** for 
analysis of marine organisms,*^ and for many other purposes.®' °̂ 

14-3 NEUTRON ABSORPTION 

Neutron absorptiometry ^' *̂ ' *̂  depends upon the fact that each 
nuclide has a characteristic cross section for the capture of neutrons. 
Nuclides of large cross section can therefore be determined in samples 
of low cross section. The treatment of Strain *̂  is followed in the 
following paragraphs (see Figs. 14.1,14.2, and 14.3). 

The apparatus in Fig. 14.1 is used for analysis by neutron transmis­
sion through foils or cuvettes. From basic principles ^ the equation 
for such transmission is 

aB=ORoexp{-Na<r) 
where CR = count rate with sample present 

C^o=blank count rate 
no = atoms per square centimeter of absorber element or 

elements 
(T= total cross section of absorber element or elements, cm^ 
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Fig. 14.1—Neutron transmission apparatus. 

Rearranging and substituting, 

OR, 
GB 

= exp {—na(T)^l+Km,(T' 

where ?n.=millimoles of absorber per square centimeter 
iff"=empirical constant 
(T' = experimentally determined cross section, bams 

The type of calibration curve obtained is shown in Fig. 14.2. 

Fig. 14.2—Xeutron transmission calibration curve. 
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Fig. 14.3—Neutron absorption apparatus. 

If the sample surrounds the detector, as shown in Fig. 14.3, an 
equation of similar form "̂  applies: 

CR' 
l + ^X<7a 

where X = m o l a r concentration of absorbing element 
0-0= absorption cross section, barns 

The method is of considerable value in determining such elements 
as cadmium, boron, indium, and certain nuclides of interest [see Sec. 
14^5.3 (b ) ] . 

14-4 ASSAY BY RADIOACTIVITY MEASUREMENTS 

14—4.1 Uranium 
The naturally occurring isotopes of uranium are alpha active 

and are parents of radionuclides having alpha, beta, and gamma 
activities.^'" Each of the types of activity is used, under various 
conditions, for the measurement of uranium. A review of the radio-
chemistry of uranium is given in Ref. 48. 

(a) Alpha Measurements. The specific alpha activity of natural 
uranium is 1.50 dis/min/jug, and alpha measurements are used on this 
basis for assays, e.g., in water and urine.*'' The methods require the 
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separation of uranium by a suitable technique ** and the preparation 
of an alpha plate, often by electrodeposition of uranium on platinum 
or nickel disks. 

Care must be taken to employ the proper specific activity in cal­
culations, especially for enriched Û '̂̂  preparations, since most of the 
alpha activity of these preparations is due to U^̂ *. The ratio of Û *̂ 
to Û ^̂  is somewhat variable. I t is necessary to know, or to determine, 
the specific activity before valid uranium assays can be made. (An 
activity of approximately 150 dis/min//tg has been observed in some 
enriched-uranium samples.) 

(b) Beta Measurements. Several of the daughters of the uranium 
isotopes are beta emitters, and a limited application of beta-counting 

b 6 

0.8 

0 6 

1 r 

0,61 

200 400 600 800 1000 
PULSE HEIGHT (~2 KEV PER PULSE-HEIGHT UNIT) 

1200 

Fig. 14.4—Gamma spectrum of uranium ore. 



RADIOCHEMICAL AND NUCLEAR METHODS 1 1 2 1 

techniques has been made.^" Interference from K*" and thorium-
series beta activities must be guarded against. 

(c) Oarrnna Measurements. Most radiometric assays for uranium 
are made through gamma activity. These are exemplified by pros­
pectors with their Geiger counters and by analysts with scintillation 
spectrometers.**^ This method is limited to ores in which radioactive 
equilibrium exists. Most workers measure the 1.76- or 0.61-Mev 
gamma (both from Bi^^*). The 0.61-Mev gamma, however, is subject 
to interference from the 0.58-Mev gamma in the thorium series (see 
Sec. 14-4.2). The gamma spectrum of uranium ore, measured with 
a 3- by 3-in. Na l (T l ) crystal, is shown in Fig. 14.4. The chief sources 
of error in this method lie in radon escape during grinding or other 
treatment and in geochemical separation of the early members of 
the series from the later (radium family) members. 

The procedure is quite straightforward. I t consists in the measure­
ment of the counting rates at 1.76 and 0.18 Mev, with the sample 
weight used dependent on uranium content. {Note: If the sample has 
been treated in such a way that radon is driven out, it must be sealed 
after it is weighed and retained 2 weeks or more to permit the re-
growth of radon and its daughters.) The peak counting rates of 
a standard of similar concentration are determined under the same 
conditions of weight and geometry. (Such standards are available 
from the AEC's New Brunswick Laboratory.) The ratio of counting 
rates at the two peaks should be the same in the sample and the 
standard; if not, another method must be used. The limit of measure­
ment is about 0.1 to 1 ppm. 
14-4.2 Thorium 

Radiometric measurements of thorium are essentially limited to 
gamma spectrometry of ores, except in the special cases of Th^^ (radio-
thorium) and Th^'" (ionium). The specific alpha activity of natural 
thorium (Th^^^ and Th^^) recently separated from a uranium-free ore 
is approximately 0.48 dis/min/jug. The Th^^* decays with a 1.9-year 
half life.*' Alpha measurements are of little use because of low sensi­
tivity and dependence on past history. Similarly, beta-activity 
measurements are dependent on previous history.*' 

(a) GaTmrm Spectrometry. Most workers measure thorium in ores 
and rocks through the 2.62-Mev gamma radiation ^̂  of its daughter, 
rpj208 -pĵ g spectrum of a thorium ore sample is shown in Fig. 14.5. 
No difficulty is likely to arise because of nonequilibrium in natural 
material, since equilibrium of the whole series requires approximately 
67 years.*' The half life of the gas thoron is 52 seconds, resulting in 
quick regrowth if loss should occur. 
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Fig. 14.5—Gamma spectrum of thorium ore. 

The procedure is similar to that used for uranium [see Sec. 14-
4.1(c)], but it requires measurement of only the 2.62-Mev peak in 
the sample and the standard. (Thorium standards may be obtained 
from the AEC's New Brunswick Laboratory.) The practical limit 
of measurement is approximately 1 ppm. 

(b) lonvwm. For the chemical separation of ionium (Th^^"), the 
procedure of Moore'^ is rapid and highly selective. It consists in 
carrying of thorium from an oxidized solution by lanthanum fluoride, 
dissolution in aluminum nitrate solution, and extraction into thenoyl-
trifluoroacetone (TTA) -xylene at pH 1.4 to 1.5. An aliquot of the ex­
tract is evaporated on an alpha plate for measurement. Other radio­
chemical methods *̂ are useful in various applications. 
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14-4.3 Radium 

A general review of radium radiochemistry is given in Ref. 55. 
(a) Oamma Methods. If Ra^^" is the principal gamma emitter in a 

sample it can be determined by direct gamma measurement with an 
ionization chamber or scintillation detector. Such a technique, for 
amounts above approximately 10"* g, has been reported in detail,'® 
with descriptions of the ionization chamber and the sample vials and 
with corrections for self-absorption and other gamma activities. If 
it is necessary to distinguish radium-family gammas from others, a 
scintillation spectrometer can be used. As in uranium measurement 
[see Sec. 14-4.1 (c ) ] , the 0.61- and 1.76-Mev radiations of Bi=" are 
measured. Standard solutions containing 10"^ g or more of radium 
are available from the IT. S. National Bureau of Standards. 

(b) Emanation {Radon) Method. Many workers measure radium 
by driving out its gaseous daughter radon (Em^^^) and counting its 
alphas and those of its short-lived daughters in an ionization cham­
ber,^' proportional counter, or scintillation counter.'^ In a typical 
method " radon is swept out of the sample solution by nitrogen, the 
flask is sealed, and radon is allowed to regrow for a definite time. 
Then radon is swept into an ionization chamber, allowed to stand for 
4 hr (to establish equilibrium between radon and its short-lived 
daughters), and the alpha counting rate determined. I t is necessary 
to calibrate with standards. Good precision (approximately 1.5 per 
cent) was demonstrated in the determination of 10 ' " to 10' ' g. 

(c) Carrier Methods. A number of radiochemists employ methods 
involving the carrying of radium on a suitable precipitate, followed 
by alpha counting. Typical of such methods are those of Goldin'" 
and Petrow.^' ^̂  In Goldin's method citric acid is added to the 
sample, the resulting solution is made alkaline with ammonia, and 2 
milliequivalents of lead and 0.1 milliequivalent of barium (as nitrates) 
are added to it. A sulfate precipitate is formed by the addition of 
sulfuric acid, and it is washed twice with concentrated nitric acid. 
The precipitate is then dissolved in alkaline E D T A (disodium salt of 
ethylenediaminetetraacetic acid). Barium sulfate is reprecipitated 
by the addition of acetic acid. The barium sulfate is transferred 
to a tared alpha plate, dried, weighed to determine yield, and counted. 
Calibration with a standard radium solution is necessary. 

The procedure of Petrow involves the carrying of radium on 500 
mg of lead sulfate. The lead sulfate is dissolved in ammonium 
acetate and precipitated by the addition of ammonium carbonate. 
The carbonate is dissolved in dilute nitric acid, and the nitrate is 
precipitated by the addition of fuming nitric acid. After centrifuga-
tion, excess acid is evaporated, and the precipitate is dissolved in water. 

6»(>-45T O — 6 4 — 7 2 
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Lead is partially removed by the addition of concentrated hydro­
chloric acid; the remainder is extracted into a quaternary amine-
benzene solution. The raffinate containing the radium is evaporated, 
ignited, and taken up in nitric acid. A portion is evaporated on an 
alpha plate for counting. No yield correction is possible, and calibra­
tion with a standard radium solution is required. 
14r-4.4 Protactinium 

A review of the radiochemistry of protactinium is given in Ref. 62, 
and a rapid and selective radiochemical method has been described by 
Moore.®^ This method involves the extraction of protactinium from 
a QM hydrochloric acid-4 per cent oxalic acid solution into diisobutyl-
carbinol. Both Pa^'^ and Pa^'' can be measured by gamma spectrom­
etry since they have characteristic radiations at approximately 0.1 and 
0.3 Mev. 

14.5 ISOTOPIC ANALYSIS 

14—5.1 Uranium 

(a) Gam/ma Spectrometry. The application of this technique has 
been in the determination of U^^' in enriched or depleted material by 
measurement of its 0.18-Mev gamma. Among reports of the use of 
this method,®*-®" that of Eldridge ®* is typical. Uranium is separated 
from other active materials, ignited to UsOs, and weighed. The in­
tensity of the 0.18-Mev gamma is measured by a suitable spectrometer. 
This intensity is directly proportional to the weight of U^^' in the 
sample measured. Standards of known U^^' abundance must be used 
for calibration. 

(b) Alpha Spectrometry. The principal alpha energies of the com­
monly encountered uranium isotopes are listed in Table 14.3 Routine 
alpha spectrometry permits the measurement of U^'^ in U^̂ ^ prepara­
tions, U^̂ * in U^^' preparations, etc. Either a gridded ionization 
chamber or a diode detector may be used. Sensitivity in some cases 
is quite good; e.g., U^̂ ^ can be measured easily in samples in which its 

Table 14.3—URANIUM ALPHA ENERGIES 

Isotope 

U!32 

U^s 
U234 

U2W 
U23e 

U « 8 - _ 

Energy, Mev 

5.32 
4. 82 
4. 77 
4. 40 
4. 50 
4. 20 
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activity is 0.1 per cent of that of U^^'; this corresponds to an isotopic 
abundance of 0.5 ppm. 

(c) Neutron Activation. Uranium isotopes, particularly U^'', have 
been determined by activation analysis involving the production of a 
particular fission product ®' (usually Ba^*") or a fission-product mix­
ture that is subsequently gamma-counted; **' ®° by a count of the 
delayed neutrons from fission products; " and by a count of U"* or 
jfp239 IQJ. .̂]̂ g ^238 nuclide.®' The same methods obviously apply to 
the determination of uranium in various materials '* if it is assumed 
that the normal isotopic abundances exist. All these methods are 
quite sensitive. For example, the delayed-neutron technique can be 
used for the determination of about 1 ng of U^^'; it has a precision of 
about 3 per cent.'" 

14-5.2 Thorium 
The alpha-emitting isotopes of thorium can be determined by alpha 

spectrometry. [Also see Sec. 14-4.2(b).] Th^^^ is determined by 
neutron activation; '^ by this means readily measurable Pa^^' is pro­
duced. The determination of Th^'^ is, of course, tantamount to the 
measurement of natural thorium. 
14—5.3 Lithium 

(a) Neutron Activation. Leddicotte " has reviewed the determina­
tion of Li® and L i ' by three methods: (1) tritium evolution, i.e., 
Li®(«,,a)H', followed by measurement of H® in an ionization chamber; 
(2) Li® production; and (3) triton activation, in which H® is used to 
produce, for example, F̂ ® from O" . All methods were found to be 
reasonably successful. 

(b) Neutron Absorption. The cross section of Li® for thermal 
neutrons is 945 bams, whereas that of L i ' is only 0.04 bams.®^ 
Obviously, measurement of the cross section, or simple neutron ab­
sorption, of lithium samples by methods*^ described in Sec. 14-3 
make possible the isotopic analysis. 
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