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1. INTRODUCTION

Neutron activation anslysis is a sensitive and accurate technique
for the determination of trace elements in many different types of sample
materials. However, to date it has not been applied to the analysis of
water. Thus, the purpose of the study reported herein was to investi-
gate its application in water analysis with the thought in mind that,
as neutron irradiation facilities become more widely available, the
results would prove useful to sanitary engineers and geochemists.

Neutron activation analysis is a relatively new technique in
analytical chemistry. As early as 1936, Hevesy and Levi determined
dysprosium in impure yttrium by means of a thermal neutron irradiation,1
and in 1938, Seaborg and Livingood determined Ga, Fe, Cu, P and S in
the parts per million range by deuteron bombardment with the University
of California cyclotron.2 Since these early investigations, neutron
activation analysis has found numerous applications in analytical
chemistry,3 and has been employed in the analysis of microgram and sub=
microgram concentrations of at least 70 of the elements.h Excellent
review articles have been reported by Boyd5 and Leddicotte and Reynolds.
Brooksbank6 has shown that the activation analysis method is an accurate

and precise analytical technique.
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2. PRINCIPLES OF NEUTRON ACTIVATION ANALYSIS

Materials subjected to a neutron irradiation give rise to radio=
active species of the same elements. The sample to be analyzed is
placed in a homogeneous neutron flux for a period long enough to produce
a measurable amount of radioactivity. The time the sample remains in
the neutron flux will depend upon the wsaturation factor" which is the
ratio of the activity produced at time, t, compared to the activity
which would be produced in an infinite time. The saturation factor

my be expressed by Equation (l)a7

S =l e At (1)
where S is the ®"saturation factor®, A is the decay constant (equal to
0.693 divided by the half life of the induced radionuclide), and t is
the irradiation time.

The quantity of radiocactivity produced in a material during a
neutron irradiation is dependent upon the criteria expressed in the

relationship given by Equation (2):
f-M-f-0- -N,-S-e=AT v
P 2)
Ao

where A is the activity in disintegrations per second, f is the abundance
of the stable parent isotope;, M is the mass of the stable isotope in
grams, § is the effective thermal neutron flux in neutrons per square
centimeter per second, o= is the atomic crbss section for the inter-
action of the atoms of the parent isotope with neutrons, No is Avogadro's

number, A0 is the atomic weight of the parent isotope, and S is the
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"saturation factor®. The decay of the radioactive material after
irradiation is represented by the term e~ AT, where A is the decay
constant as given above, and T is the time that has elapsed since the
end of the irradiation. If the activity is known, the concentration
of an element present in the sample can be obtained by solving for #M®
in Equation (2).

The radiocactivity produced by neutron reactions (most usually of
the (n,¥y) type)h is analyzed by radiation measuring instruments. From
such measurements, the radiation energy (or energies) and the half life
of the induced radionuclide can be determined with considerable accuracy.
Since no two radionuclides have identical radiation energies and half
lives, the radionuclide can be positively identified.

Activation analysis may be made quantitative by either of two
methods. The Mabsolute method" employs Equation (2) to calculate the
mass of stable isotope present from the measured activity of the
induced radioactive isotope. It can be seen that the neutron flux, the
half-live, and the cross section must be known very accurately, and the
activity be measured absolutely to obtain good results. However,
neutron fluxes and the cross sections are not generally measured with

»9

accuracies better than 10%..8 Furthermore, comparison of half-life

tabulations10 show discrepancies. Also the decay scheme, counting
geometry, and crystal efficiency (in the case of gamma counting) must
be known accurately to obtain the disintegration rate from the count-

12

ing datan11 Reynolds and Brooksbank™  have shown that it is extremely



- ) -

difficult to measure small amounts of activity absolutely, and the error
in these measurements can be very large. Therefore, due to these many
uncertainties, it is quite difficult to obtain dependable results by .
the absolute method.

Greater accuracy and precision can be obtained by the "comparator
method®" of an&lysisn Here a standard sample, containing a known quantity
of the element or elements to be determined, is irradiated and processed
simultaneously with the unknown. The activities of both are assayed in
exactly the same manner, so the only counting corrections which have to
be made are those for decay. The concentration of the element in the
unknown is determined through comparison of its activity with that pro-
duced in the comparator‘h The comparator method was used in this in-
vestigation. However, for trace element determinations in water on a
routine basis, it may not be necessary to analyze a comparator sample .
with every unknown if the counting conditions remain éonstant and the

neutron flux is closely monitored.
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3. SENSITIVITY OF THE TECHNIQUE

The sensitivity of neutron activation analysis for some elements
is as low as 10~11 gramo(h>0ther elements carmot be detected at all.
The factors which influence the sensitivity were indicated by Equation

(2). These include:

1) The cross section or the probability for the neutron reaction

to occur. The value is fixed for any one nuclide at a given neutron
energy. (ross sections for fast neutrons are rarely much larger than
the geometrical cross sections of nuclei (about 10-2k cm2, or barn).
Cross sections for slow or thermal neutrons will exceed this value.l>
Since the sensitivity for detection is proportional to the activation
cross section, nuclides with large cross sections are more easily
detected. Lead, for example, is not easily determined, since its
cross section is only 4.5 x 107l varns.

2) The neutron flux, or the number of neutrons per unit area

available for the irradiation. The sensitivity is proportional to the

neutron flux, i.e., the greater the neutron flux, the greater the semsitivity
The limits given by leddicotte and Reynolds(h) can be greatly enhanced by

irradiations at higher neutron fluxes.
3) The isotopic abundance of the parent nuclide,or the per cent

abundance of the total stable element in nature. If an element has

more than one stable isotope and the desired irradiation is produced
from a neutron reaction on a stable isotope of low abundance; such as
Iron-59 (0.33%), the sensitivity will be much less than if the stable

isotope were 1004 abundant.
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L) The half-life of the induced radionuclide and the irradiation
Eigg also influence sensitivity.: Since these two quantities determine
the "saturation factor", it can be seen from Equation (1) that the shorter
the half life and the longer the irradiation time, the greater the satura-
tion factor. Maximum sensitivity occurs when the saturation factor is
1.0; however, in most cases, it is neither necessary nor practical to
irradiate to saturation. As an example, if a radionuclide has a half
life of 30 days, a 30 day irradiation would yield 50% maximum activity.
Irradiation for an additional 30 days would only increase this to 75%.
Thus, it is feasible to approach saturation. in a reasonable time only
if the radionuclide has a half life in the order of minutes or hours.

Due to the very short half lives of fluorine-20 (12 s) and
boron-12 (0.027 s). radioactivity measurements essential for activation
analysis are impossible on a routine basis unless elaborate equipment is avail-
able so that the sample can be ejected at a great speed from the reactor
to the counting device.

5) The efficiency of radioactivity measurements. No counting device

will detect and record every radioactive disintegration. Poor counting
geometry will decrease the sensitivity of the method. Also; the crystal
efficiency of a scintillation spectrometer decreases rapidly with in-

creasing gamma energy-.
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L. ERRORS IN NEUTRON ACTIVATION ANALYSIS

Neutron activation analysis is usually free from contamination
errors common to most methods of trace element analysis.)"’5 Since
the samples are not chemically treated before irradiation, the only
possible means of contamination is through careless sample prepara=
tion or use of contaminated equipment or solutions.

Other errors may be classified as counting errors, radiochemical
errors, and irradiation orrors. Errors in beta counting include self-
absorption; scattering, geometry, radioactive decay, background, and
instrument failuresolh The use of a comparator sample and correction
for decay and background will minimize all errors except those of
instrumental origin. The latter may be monitored by using a long-
lived standard radioactive source for measuring counting reproduci-
bilit;ye15

In respect to possible errors in a radiochemical analysis, care
should be exercised to assure that the ion species in the stable
carriers exchange completely with their radicactive counterparts.

Most often this means carrying them to the same valence state. Other-
wise, the chemically separated product will not contain the same ratio
of active to inactive element as the systemnlh Further, the chemical
separation must be radiochemically pure. If not, extraneous activity
might contaminate the separated fraction. This problem of purity may
be reduced through use of gamma scintillation spectrometry.,16 In beta
counting, radiochemical purity may be determined by decay and absorption

5,17

measurements.



= 8§ =
Irradiation errors can origiﬁate if the sample material contains a
nuclide having a high absorption cross section for neutrons}.-6 The waters
of interest in this investigation did not contain any of these materials
in appreciable quantities. In general, if the sample is placed in the
reactor so as to attain equal neutron irradiation frbm all directions,

errors in irradiation are very small.



5. EXPERIMENTAL PROCEDURE

Water samples from seven grographical areas in the United States
were used in this investigation. These samples were collected at
random from drinking water taps in the cities listed below by sanitary
engineers assigned to selected Public Health Service Regional Offices.
The approximate date of sampling and the raw water source are given in

the tabulation.

City Date Collected Water Source

Atlanta, Georgia August, 1957 Chattahoochee River

Charlottesville, . August, 1957 Moorman's River, Ragged

Virginia Mountain Watershed

Chicago, Illinois August 15, 1957 Lake Michigan

Cincinnati, Ohio June 26, 1957 Ohio River

Denver, Colorado August 6, 1957 South Platte River,
Blue River

New York, New York August 8, 1957 Surface Water

Oak Ridge, Tennessee igggember 25, Clinch River

Thirty milliliter aliquots of the samples collected were placed
into polyethylene bottles* and irradiated in Hole 10 of the Oak Ridge
National Laboratory Graphite Reactor. Hole 10 is a water-cooled
irradiation facility with a temperature of about L0°C., making it
possible to irradiate the sample in a liquid form. This eliminated
the necessity for an evaporation step. Hole 10 is positioned in the
reactor so that neutron bombardment will occur equally from all direc=-
tions. The thermal neutron flux in this facility is approximately

11

6.5 x 107" neutrons per square centimeter per second. A 1l6é-hour

# Polyethylene does not become significantly radioactive when irradiated.



Table I
Nuclear Properties of Induced Radionuclides

Elements Stable Radioisotope | Activation Cross
Detected Isotope(%) Formed Section (barns) Half-life’ B~ (Mev) v (Mev)
Antimony | Sb=121 (57.25) Sb-122 (n,y) 6.0 2.80 d | 1.L1, 1.98, 0.7L 0.56
Sb-123 (L42.75) sb-12l (n,¥y) 2.5 60  d|0.61, 2.37 0.60, 0.65, 0.71, 1.67, 2.07
argon | A-LO (99.6) | A-L1 (n,¥) 0.53 1.83 h | 1.2, 2.5 1.30
Arsenic As-75 (100) As-76 (n,vy) L.1 26.6 h|2.97, 2.41, 1.76, 0.36 | 0.56, 0.6L, 1.2, 1.4, 2.05, 1.8
Barium Ba~138 (71.6) | Ba-139 (n,¥) 0.60 85.0 m|2.38, 2.22, 0.82 0.163
Bromine Br-81 (L9.5) |Br-82 (n,y) 3.1 35.9 h|Oo.Lh 0.77, 0.55, 0.62, 1.03, 1.31, 1.47
Calcium Ca=Ll (2.07) |ca=-L5 (n,¥v) 0.69 16 d]0.25 | e e e e e e e e et e e e e e - -
Chlorine |€1-37 (2L.L7) | C1-38 (n,v) 0.56 37.5 m|L.8, 2.7, 1.1 1.60, 2.15
Copper Cu~63 (69.1) |Cu-6L (n,v) 4.1 12.82 h | EC, 0.57, p* (0.657) 1.35, (0.51, 1.02)°
Todine 1-127 (100) I-128 (n,y) 6.7 25.0 m|2.12, 1.66, 1.12 0.L5, 0.54
Iron Fe-58 (0.31) | Fe-59 (n,vy) 0.98 45.1 d]0.462, O. 271 1.56 1.10, 1.29, 0.191
Magnesium | Mg=26 (11.29) | Mg=27 (n,¥) 0.026 9.45 m | 1.75, 1.59 0.8L, 1.02
Manganese | Mn-55 (100) Mn=56 (n,y) 13.3 2.58 h[2.86, 1 os, 0.75 0.8L, 1.81, 2-13
Oxygen 0-18 (0.204) |F-1€ (p,n)C 0.2 1.87 h | 0.6L9, p* (0.6L8) (0.51, 1.02)b
Phosphorus| P-31 (100) P-32 (n,vy) 0.21 4.3 d11.70° | e e e e e e et e s e a - - -
Potassium | K-41 (6.91) |K-L2 (n,v) 1.17 12.47 h | 3.5L, 1.98 1.53, 0.32
Rubidium | Rb=-85 (72.2) |[Rb-86 (n,v) 0.82 18.6 d|1.76, 0.68 1.08
Silicon |Si-30 (3.12) |S5i-31 (n,v) 0.11 2.65 h|1.476 1.26 (0.07%)
Sodium Na-23 (100) Na-2l (n,v) 0.53 15.0 h|1.39, L.17 1.368, 2.75L
Strontium | Sr=86 (9.87) |sr-87M (n,vy) 1.3 2.8 h|=-====c oo - I.T., 0.388
Thorium | Th=232 (100) |Pa-233 (n,¥y) 7.0 27.4 d{0.23, 0.53 0.076, 0.105, 0.302, 0.L1
Zinc Zn-68 (18.6) |2Zn-69M (n,v) 0.09 13.8 h{- === = == == = I.T., 0.L36

2 p denotes minutes, h denotes hours, and d denotes days.

b Annihilation gamma following positron emission.

€ Origin: See reference 30.

d Origin: Daughter of Th233(23.5m) produced by (n,y) upon Th-232.

_O‘E—
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irradiation period was selected, since this period would produce suffi-
cient activity to permit assay of most elements present in surface and
drinking waters. The characteristic nuclear properties of the elements
detected in this investigation are listed in Table I.

Because:of the variety of elements in waters, radionuclides yield-
ing gamma reys of many different energies are produced upon irradiation.
When these gamma rays are analyzed with a scintillation spectrometer,
many of the spectral peaks will be superimposed. This condition makes
identification of the radionuclides very difficult and in most instances
it is impossible to make a quantitative determination. Therefore, some
type of radiochemical separation scheme must be employed to separate
interfering nuclides so that single gamma spectral peaks can be resolved.
Ion-exchange and precipitation techniques were used in this work. A
general description of each application follows.

A) Rediochemical Separations by an Ion-Exchange Method

The adsorption of many elements at various HCl concentrations
upon Dowex-1 ion-exchange resin has been determined by Kraus.18 By
applying these data, certain radiochemical separations in this investi-
gation were performed by the following procedure:

1) Depending upon the degree of separation desired, the

acidity of the irradiated water sample was adjusted to a specific
HC1l concentration, and passed through a 3/8-inch inside diameter
glass column containing 2.5 grams of Dowex-l resin (100-200 mesh,
medium porosity, 33-39% moisture content) which had been equili~-

brated by a solution of the same HCl concentration. The flow

rate through the column was approximately 1 milliliter per minute.
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2) When all of the influent solution had been passed through

the column, specific elements were removed from the resin by pass-
ing solutions of lesser HC1 concentrations through the column.

In this manner, nuclides which have approximately the same gamma
energies may be separated so that full energy peak (photopeaks)
interferences are minimized.

Table II is an example of separations which were obtained by
passing 6 N and 12 N HC1 solutions of the irradiated water through
a Dowex-1 resin column. Table II also shows the separations that
cen be affected by using other salutions of various reduced HC1 con-
centrations as eluting agents. In the study reported heréin, the
radionuclides in the effluent obtained with either the & Norl2N
HC1 solution were further separated by use of solutions of reduced
HC1 concentrations (as shown in Table II).

Due to the high Compton scatteringl9 from the large quantities
of induced sodium-24 (15h) present, small amounts of barium-139 (85m)
or strontium-87m (2.8h) radiocactivity could not be detected in tﬁe
elluents obtained when elutions were made with & N and 12 N HC1.
Therefore, barium and strontium were separated from the effluent by
adding appropriate carriers and Precipitating them as sulfates with
H2SOM.

Potassium-42 (12.47h) end/or rubidium-86 (18.64) also present
in these effluents were also mesked by the 1.38 Mev peak of sodium-2L
(Table I). These radioelements:.can be separated from sodium-24 in the

following manner:20




Table IT

The Separation of Various Elements by the Ion-Exchange Technique

-6 M HC1 12 M HCl
Elements Elements Eluted from Dowexél in|| Elements Elements Eluted from Dowex-=1 in
Which Pass| Elements Elements Which Pass| Elements =====Elements
Through |Which Adsorb Remaining on Through |[Which Adsordb Remaining on
Colum on Dowex-1 L M HC1 |2 M HCl Dowex-1 -~ Colum on Dowex-1 6 M HCL|L M HC1l| 2 M HC1
Na Cu Cu Na Cu Cu
K Zn Zn K Zn Zn
Rb As As Rb As As
Sr Br Br Sr Mn Mn
Ba Ba Hf Hf
Mn Br

-E-[-
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1) The effivent was 0.1 N in HC1l, and carriers of Na, K, and
Rh were added tc it.

2) The sclution was then cocled in an ice bath and stirred
vigorously. While stirring, 4 ml of sodium tetraphenyli-boron
reagent* was added dropwise tc the sclution {the tetraphenyl-
boron reagent should not be added to a hot sclution). The mixture
was digested for 10 minutes and then centrifuged. The supernat-
ent liquid was removed and anslyzed for Na-2k.

3) The K-Rb tetraphenyl-boron precipitate was dissolved in
2 ml of acetone. After adding 1 ml of 1 N HC1 to the solution,
Step 2 sbove was repeated. (This reprecipitation step produced
larger crystals of K-Rb tetraphenyl-boron. )

4} The final tetraphenyl-boron precipitate was then trans-
ferred to a tared filter paper by use of suction and a Hirsch
funnel. It was washed with alcohol and dried in an electric
cven at 110o C. After drying, the precipitate and filter paper
were placed in a 10 mm x 75 mm pyrex culture tube and the gamma
radioactivity from K-42 and Rb-86 assayed by means of a gamma
counter.

Although some significant information was gained by use of an ione

exchange separations method and it is tre supplementary technique of

* This sclution is prepared by dissciving b grams of sodium tetraphenyl-
boron and 1 gram of AlCl3'6H20 in 100 ml of water. Add a few drops of
phenolphthalein indicator solution end then add 6 M HeOH dropwise until
the solution just turns red. Allow to stand several hours. Filter,

dilute to 200 milliliters; store in zeool location.
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further separation by precipitation methods, it was not always possible
to obtain complete separation in the elution process. Better separa-
tions might have been obtained by use of a very long column of resin
and a slower flow rate for:the elutriants. prever, this would have
been very time consuming and not practical as a routine procedure.

It is believed that an ion exchange technique is most applicable
when only a small number of radiocactive elements are present, because
as the number of species present increases, the problem of proper
group separations becomes much greater.

B) Nondestructive Method

Another method used was a nondestructive method. This technique,
as the one above, is good only if few elements are present and if their
half-lives differ considerably. The sample is irradiated and premitted
to decay for a specific time. This enables all short-lived nuclides to
decay out, leaving only the longer-lived nuclides to be analyzed by the
scintillation spectrometer.

C) Radiochemical Separations by a Chemical Precipitation Method

The method which was used most in this investigation was that
of chemical separation by precipitation. This technique provides very
clean separations and permits more accurate determinations. In addi-
tion, any loss of radloactivity during chemical processing can be
evaluated by measuring the loss of added carrier. Furthermore, this
method is generally more rapid than the method involving ion-exchange.

Table III is a flow sheet of the chemical separation procedure.
All water samples were first aerated in a hood to remove any dissolved

radioactive gases. This step prevented unnecessary inhalation of



Table III
Chemical Separation Scheme

1)

Add the radioactive sample to a 50 milliliter centrifuge tube. Aerate to remove radioactive gases.
Acidify with HNO3 and add €1, Bry, I, Cu, As, Fe; Y, Co, Mn, Zn, Ba, Sr, Ca, Na, and K carriers.
Precipitate Cl, Br, and I with slight excess of Ag. Heat to coagulate the precipitate. Centrifuge.

2)

Precipitate:s 3) Supernate: Adjust acidity to 0.5 N HCl. Saturate with HpoS. Centrifuge.
AgCl, AgPr, =
AgI. Wash i) Precipitate: ©5) Supernate: Transfer to beaker. Add 1 ml conc. HCl. Boil until
with water, CuS, As283. solution is clear. Oxidize Fe** to Fet*+ by boiling with HNO,.
filter, Wash with Cool solution and make 1:1 with conc. HCl. Neutralize with conca
mount and water, NH),OH to precipitate hydroxides. Centrifuge.
count. filter,
Designate mount and 6) Precipitate: 7) Supernate: Saturate with H,S. Centrifuge.
as the count. Fe + ¥ ; = ;
SILVER Designate hydroxides. 8) Precipitate: 9) Supernate: Acidify solution with
GROUP. as the Wash with . CoS; MnS, BCI. Boil to remove H,S. Add
ACID water, ZnS. Wash (NH), )oH(PO),) and an excess of
SULFIDE filter, with water, NH),0H. Digest. Centrifuge.
GROUP- mount and filter,
count. mount and 10) Precipitate: 11) Supernates
Designate count. Ca, Ba, and oluble ions.
as the Designate Sr phosphates. Designate as
HYDROXIDE as the Wash, filter, the SOLUBLE
GROUP. BASIC mount and GROUP,
SULFIDE count.
GROUP- Designate as
the ALKALINE
GROUP.

-=9'[—
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Table IV

Carrier Solutions

Element Salt Solvent
Arsenic Asp03 dilute NaOH
Barium BaClp-2H20 Ho0
Bromine KBr Ho0
Calcium Ca(NO3),-LH0 0.03 N HNO3
Chlorine NH C1 Hy0
Cobalt Co(NO3)2-6H,0 0.15 N HNOj
Copper Cu(N03)-H20 0.03 N HNO4
Iodine KI H,0
Iron Fe(N03)3-9H20 0.3 N HNO4
Magnesium Mg(N03)2-6Hé0 0.03 N HNO3
Phosphorus (NHﬁ)ZPOh H,0
Potassium KNO3 H,0
Rubidium RbNO, 0.3 XN HNO3
Silicon N325103 H,0
Sodium NaNO3 Hp0
Strontium Sr(NOB)z Hy0
Zinc Zn(N03) o - 6Hp0 Hy0
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radioactive gases by personnel processing the samples and also prevented
colloidal carry down of radioactive gases during subsequent radiochemical
procedures. After aeration, each sample was acidified with nitric acid
and a known quantity of approximately three milligrams of each stable
elemental carrier was added. Table IV lists all of the carriers used
in this investigation. The resulting solution was then processed to
yield six different chemical groups. The chemical compounds produced
from the elements normally present in each group are shown in Table III.
Further separation of each of the given chemical groups may be
employed if identification or measurement is questionable. This is
especlally true for the soluble group. As stated above, the 1.38 Mev
spectral peak of sodium-24 interfered with the spectral peaks of
potassium-42 (1.51 Mev) end rubidium-86 (1.08 Mev). Separation of
these elements may be accomplished with sodium tetraphenyl-boron as
outlined above. However, the method used most frequently in this in-
vestigation was as f‘ollows:21
1) Add standard Na, K, and Rb carriers to the aliquot of
sample used.
2) Add 2 ml of 70% perchloric acid and evaporate to dryness
on a hot plate. Cool and redissolve in 2 or 3 ml of water and
again evaporate to dryness. The salts are now in the perchlorate
form.
3) Add 20 ml of a mixture of equal parts by volume of n-butyl
-alcohol ‘and ethylwacetateh(both;anhydrous)g‘digest near:.theiboiling
point for 2 to.3uminuteés:and.cools »Thersodium:is in solution.
4) Repeat the separation by adding more sodium carrier and

perchloric acid.
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5) Collect the potassium and rubidium perchlorates on filter
paper and count.

The most rapid method of separating sodium from potassium
and rubidium is by precipitating the sodium with zinc uranyl acetate.22
The only difficulty is that the uranium contributes activity to the
sample. For obvious reasons, this is generally a bad practice. How-
ever, since the gamma activity of the uranium decay products is very
low, they will not interfere with the gamma spectra of the other
nuclides present.

In the Acid Sulfide Group both copper-64 and arsenic-T76 are
Precipitated., Even though both radionuclides have energies of approxi-
mately 0.5 Mev (Table I), they do not have to be separated since their
half-lives differ significantly, being 12.8 hours and 26.7 hours
respectively. A simple decay measurement involving periodic counting
indicates which radionuclide is present, or permits an estimate of
relative amounts if both are present.

C. Specific Radiochemical Separation by Precipitation Methods

The techniques used above were not adequate for the determina-
tion of a few of the elements of interest in this study. Because of
adverse nuclear, chemical, and physical properties, specific quantita-
tive analysés had to be performed. These analyses included:

1. Magnesium: (determined as 9.5 min. Mg-27)

- A 30 milliliter sample was irradiated for 10 minutes.
Manganese-56 (2.58h) activity, produced by (m,y) reactions with

stable Mn-55, interfered with the use of the 0.84 Mev full energy
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peak of magnesium=-27 in the analysis. Therefore, the manganese
was first removed by a specific decontamination step. The pro-
cedure employed was as follows:

a) Add standard magnesium carrier and manganese holdback carrier.

b) Make the solution about 1 M with H,S0), add approximately

one gram of KBrO3 and boil for two or three minutes.
(Insoluble MnO, precipitates under these conditions.)23

c) Centrifuge and decant.

d) ¥ake supernate basic with NH,OH and add NH,Cl as a common

ion to prevent the precipitation of Mg(OH),-

e) Add 1 ml of (NHh)ZHPOh (~10 mg/ml), and let the solution
stand for a few minutes.zh

f) Centrifuge, filter and count.

The MnO2 precipitate obtained in the decontamination step was
analyzed by scintillation spectrometry and decay measurements. No
magnesium-27 was detected, indicating that there was no loss of
magnesium in the decontamination step.

The carrier and radiomanganese may also be separated from the
magnesium by precipitation as a sulfide in a basic solution.25
The magnesium will remain in solution.

2. JIodine: (determined as 25 min. I-128)

A 30 milliliter sample was irradiated for 30 minutes. The
active solution was then added to a 125 ml separatory fumnel along
with iodine carrier, 10 ml of 2 M NayCO3, 2 ml of 5% NaClOB", 5 ml

of conc. HNO3, and 1 ml of § M hydroxylamine hydrochloride. The
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iodine was then extracted into 15 ml of Cclh26 by manually agitat-
ing the flask. The phases were allowed to separate and the agueous
layer discarded.

To the CClh phase, add 10 ml of water and NaHSO3 dropwise
until the solution clears. Extract and discard the CClh layer.

Add 1 ml of 6 M HN03, heat to boiling and add Ly ml of 1 M
AgN03 dropwise with stirring. Digest the AgI for a few minutes
with gentle boiling and brisk stirring. Filter, and wash the
precipitate with water, alcohol, and ether. The activity of the
precipitate was then analyzed.

3. Dissolved Gases: (Argon-L1)

A 30 ml water sample was irradiated for 16 hours and transferred
to a round bottom flask. A 250 ml evacuated gas flask was fitted
to the round bottom flask and the solution heated to approximately
50°C. for about 15 minutes. This will force the dissolved gases
present in the water into the evacuated flask. The gamma activity
present in the flask was then analyzed by scintillation spec-
trometry.27

L. Silicon: (determined as 2.65 hr silicon-31)

Silicon was not detected in the above determinations since
all activities had been analyzed by scintillation spectrometry
and the gamma-rays assoclated with silicon-31 are very weak
(Table I). Therefore, a specific determination was performed
by the procedure briefly described below. The radiocactivity was

analyzed by beta counting.
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A 30 ml water sample was irradiated for 16 hours. Upon dis-
charge from the reactor, 10 ml of 2 M Al(N03)3 are added to the
sample to complex any fluorine that may be present. Holdback
solutions of Na, Ba, Sr. Ca, and Mn are added in addition to 20
mg of SiO2 carrier. Fifteen milliliters of concentrated HéSOh
were added and the solution was boiled until the volume reached
approximately 10 ml at which point the 5i0, precipitates. The
precipitate was washed with 35 ml of hot water and 5 ml of 86%
HBPOh' The 5i0, is then dissolved in 2 ml of 19 M NaOH by heat-
ing and vigorous stirring. The sample was then centrifuged, in
case all precipitate did not dissolve, and the carrier and radio-
silicon precipitated as silicic acid* with 15 ml. of saturated
NHhClo28 The precipitate was then filtered on to an ashless
filter paper and burned for 30 minutes at 1000°C. The residue
is weighed and the activity counted.

Barium and strontium, if present, will precipitate as HQSOh
is added. When this occurs, the sample should be centrifuged and
the precipitate removed before heating.

Certain elements upon irradiation yield nuclides with long half
lives. These will not be detected by a 16 hour irradiation due to the
small saturation factor. The elements phosphorus and calcium are of
this group, since they are important in water analysis. These elements

were determined by a special procedure.

* This 1s thought to be the compound which is formed, although it is

questionable.
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The number of samples which can be placed in Hole 10 of the ORNL
Graphite Reactor was limited. The only other irradiation facility
available was Hole 1L (~L.3 x 1011 n/cn/;sec). However, here tempera-
tures greater than 100°C. are reached. As a result, liquid samples
could not be irradiated. Therefore, 100 ml of each water sample and
a standard sample were evaporated to dryness and irradiated for two
weeks. Upon removal, the samples were allowed to "cool" for two days
to permit shorter lived nuclides to decay.

Table V is a flow sheet of the chemical separation scheme employed
after the two week irradiation. Since the samples were in the reactor
as a solid, aeration, in this case, was not necessary. The residue
was dissolved in HNOB, and 10 milligrams of carrier added. The
chemical compounds produced from the elements present in each separated

group are shown in Table V.



Table V
Chemical Separation Scheme for Long-Lived Radionuclides

1) Dissolve residue in 2 ml of conc. HNO3a Heat if necessary.

2) Add Co, Ca, Cu, Fe, P, and Na carriers. Add 50 ml of Molybdic acid (Solution must be acid in HNOB) and
boil wmtil solution is fully precipitated. Centrifuge.

3) Precipitate: L) Supernate: Neutralize solution with NHLOH and adjust to 0.3 M HCl. Saturate with Hy5
{a) Wash and centrifuge. .

H3PMo120),0

ppt in dilute 5) Precipitate: 6) Supernate: Boil solution and add HNO3 and BrpHpO until solution

HNO3. (v) (a) Wash Cus becomes clear. Add NH)OH. Centrifuge.

Dissolve ppt and AsoS

in NH, OH, with hot” H,0- 7) Precipitate: 8) Supernate: Saturate with HQS° Centrifuge

make acid with (b) Filter {a) Dissolve —e

HC1l and add through paper, Fe(OH) and 9) Precipitate: 10) Supernate: Add HCl and Br H

~] gm of mount and ¥ reprec1p1tate - (&) Dissolve and heat to boiling until soiutlon
citric acid. count. with NH) 0H. CoS in 6 M HNO3 becomes clear. Add 10 ml of sat.
(c) Cool in (v) Filter with heatIng. (NH),) C2O heat, and make basic
ice bath and through paper, (b) Add Bro-Hy0 with HhOh Centrifuge.

add 20 ml of mount and ¥ to clear up

magnesia mix- count. the solution. 11) Precipitate: 12) Supernates

ture. (d) Add (c) Repre- {a) Wash Transfer aliquot
NH, OH in excess; cipitate the CaCy0), ppt to culture tube
allow to cool, Co with 1 M in hot Hy0. for ¥ counting.
and filter KoH. (d) ~ (b) Filter,

through paper. Filter, mount, mount, and B~

(e) Mount and and y count. count.

g~ count.

gT‘(a-
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6. RADIOACTIVITY ASSAY TECHNIQUES EMPLOYED

After each chemical separation, the sample was assayed by gross
- beta or gamma studies, beta absorption determinations and/or gamma
spectral analysis. An interpretation of these data; together with
knowledge of the chemistry of the particular separation, was used to
identify the radionuclides in the sample.

Gross gamma studies were made utilizing a well-type scintilla-
tion detector coupled to a Model No. 101B research scaler manufactured
by the Atomics Instrument Company, Cambridge, Massachusetts. A linear
amplifier was included as an integral part of the scaler. The high
voltage was obtained from a power supply also manufactured by the
Atomics Instrument Company, Model No. 312. The detector was a NaI(Tl)
crystal 2 inches in length and 2 inches in diameter with a central

. well 1.5 inches deep by 0.86 inches in diameter. The well contained
an aluminum liner which acted as an absorber for the beta radiation
emitted by the sample being analyzed. Also, a 3=inch lead shield
surrounded the crystal detector to minimize background activity.

Gross beta decay and absorption studies were made by using a thin
mica window Geiger-Mueller detector, type TGC-2, manufactured by Tracer-
lab, Inc., of Boston, Massachusetts. The detector was coupled to a
Model No. Q-762 scaler, with scale of 6L, manufactured by the Nuclear
Instrument and Chemical Corporation of Chicago, Illinois. The high
voltage supply was contained in the same chassis. A two inch cylindri-
cal lead shield surrounded the detector and sample to minimize back-

ground activity. The beta absorption studies were made utilizing

calibrated aluminum absorbers.
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The gamma spectral analyses were performed with a multichannel
gamma scintillation spectrometer29 of the 20 channel type. The instru-
ment, Model 520, Twenty-Channel Pulse Height Analyzer, was manufactured
by the Atomics Instrument Company. The detector was either a solid,
3 x 3 inch, "thallium activated® sodium iodide crystal or a well=type
crystal as described above. The pulses were differentiated and fed
into twenty separate scalers, each having a scaling factor of 16.
Controls were available for adjusting the channel widths and selecting
the portion of the total spectrum to be recorded. Five settings of
20 channels each were necessary to cover the energy range 0.08 to 2.0
Mev. This range was most commonly used in this investigation. (See
Appendix A for a discussion of Gamma Scintillation Spectrometry.)

Radiocactive nuclides of known gamma energies were used for daily
calibration of all instruments. For the gamma scintillation spectrometer,
30 year Cs-137 + Ba-137 (0.662 Mev) and the positron emitter 2.6 year
Na-22 (1.28 Mev) were used. To measure counting reproducibility, the
30 year Cs=137 + Ba=137 was counted in the gross gamma counter and a
UXp, source in the beta counter each morning.

Samples for beta studies were placed on watch glasses fastened
to cardboard mounts and covered with celophane. Samples for gamma
studies were mounted in 10 x 75 millimeter pyrex culture tubes. These
culture tubes were of the size which would fit into the well=-type

scintillation crystal.
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7. RESULTS OBTAINED BY NEUTRON ACTIVATION ANALYSIS

A. Short=lived Radionuclides

Typical gamma spectra and decay data obtained in the group
chemical separations on Chicago drinking water utilizing the 20-channel
scintillation spectrometer are as follows.

The gamma spectral and decay data for the Silver Group,

Figure 1, show gamma peak energies of 0.55, 0.77, 1.03, and 1.31 Mev
which are characteristic of 35.9 hour bromine=82. This was confirmed
by the decay study. Also, spectral peak energies of 1.60 and 2.16
Mev, appearing in Figure 2, which decay with a half life of about

36 minutes confirm the presence of 37.5 min. chlorine-38.

Figure 2, the spectral and decay data for the Acid Sulfide

Group, shows a gamma spectral peak at 1.35 Mev, and an annihilation
photon peak at 0.51 Mev which indicates the presence of copper=6lL.
The 1.02 Mev spectral peak is a result of coincidence summing which
occurs when both annihilation photons are counted simultaneouslya.
This peak was not detected when a solid crystal was used. The decay

study of the Acid Sulfide Group indicated a half life of about 13

hours, confirming the identity of 12.82 hr. Cu-6L, and eliminating
the possibility that 26.6 hr. arsenic-76 was also present.

Gamma spectral and decay studies of the Ammonium Hydroxide

Group, Figure 3, indicates the possible presence of the positron
emitter, 1.87 hr. fluorine-18. Fluorine-18 has been shown to origi-
nate from a (p,n) reaction on oxygen-18. These protons are "knock-on"

protons produced from the water by fast fission neutrons and not by
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a F19(p,2n)F18 as might be expected=29 The cross-section for the
018(p,n)F18 reaction for protons of L Mev energy has been reported to
- be 0.2 barn, and the threshold for the reaction being 2.56 Mev with
a resonance maximum at 3.55 Meva30

To gain additional confirmation of the presence of F-18, a
30 ml sample of distilled water was irradiated for 16 hours. Fluorine
carrier was added in the form of HF and the solution distilled in the
presence of Hgsohn The carrier and accompanying radiofluorine were
then precipitated from the distillate as lanthanum fluoride. The pre-
cipitate was analyzed by means of the 20-channel scintillation spec-
trometer and the spectral data obtained are shown in Figure L. The
0.51 and 1.02 Mev annihilation photon peaks decaying with a half life

of 1.9 hours confirms the presence of the positron emitter, 1.87 hr

#*
. F-18." Fluorine precipitates with the Ammonium Hydroxide Group,

because it forms a strong complex with iron.,31 Probably, at such
small fluorine concentrations, there is an equilibrium between the
complexes FeF ', FeF,’, FeFy, FeF)”, FeFc™2, and FeFg~3. Therefore,

the fluorine is carried down with the iron by hydroxide precipitation.

# The production of fluorine-18 from oxygen-18 was useful in that it
demonstrated the precision of the activation analysis technique.
The average concentration of F-18 produced in the seven samples was
0.0563 * 0.0012 microcuries per liter. Since it is generally con-
cluded that the isotopic composition of water is relatively constant

6
over wide geographical areas,3 the precision obtained in the analysis

of the seven samples was within + L4%.
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With an irradiation period of 16 hours; the long half life of
L5 days and the low activation cross-section limit the production of
iron=59 in insufficient quantity for detection.
The 0.8L Mev spectral peak in Figure 3 indicated the presence
of 2.58 manganese-56, which coprecipitated with the iron hydroxide.
A1l chemical groups of the seven water samples analyzed gave

approximately the same gamma spectra except the Ammonium Hydroxide

EEQEE of the Qak Ridge sample. The spectral data, shown in Figure 5,
are different from the hydroxide group spectra of the other samples
in that they show gamma peaks at 0.11, 0.31, and 0.40 Mev. These
decay with a half-life of approximately 26 days (see Figure 6). This
has been identified as Pa=-233.32 This radionuclide is produced by

a (n,y) reaction on Th-232, forming Th-233 which has a half life of
23.3 minutes and decays into Pa-233 by beta and gamma emission.

The gamma spectral and decay studies of the Basic Sulfide

Group, are shown in Figure 7. The O.hl Mev peak is characteristic of
13.8 hour zinc-69™, and the 0.8Y Mev peak is characteristic of 2.58
hr manganese=-56.

The gamma spectral data of the Ammonium Phosphate Group

are shown in Figure 8. The 0.16 Mev spectral peak is characteristic
of 85.0 min. Ba-139, and the 0.39 Mev peak is characteristic of the
2.8 hr sr-87".
Due to the short irradiation time with respect to the long
half life of calcium=L5 and the small isotopic abundance of calcium-lLl,
the quantity of radioactivity from calcium-L45 produced would be insuffi-

cient for detection.
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Gamma spectral and decay studies of the Soluble Group are shown

in Figure 9. The photopeaks at 1.37 and 2.75 Mev (Curve A and B) indi-
cate the presence of 15 hr sodium=24. The two peaks at 1.73 and 2.2l
Mev are escape peaks due to pair production from the 2.75 Mev gamma-ray.
The decay data confirmed the presence of sodium=2l.

Without additional chemical separation, only Na=24 is detected

in the Soluble Group. But, by separating the sodium from this group

by one of the methods given earlier, other spectral peaks are resolved.

Gamma spectral data of the separated portion of the Soluble Group are

shown as the dotted curve in the lower portion of Figure 9. The spectral
peak at 1.08 Mev is characteristic of 18.6 day rubidium-86 and the
spectral peak at 1.50 Mev indicate the presence of 12.47 hr potassium-l2.
Decay studies confirm these conclusions.

After a specific separation for magnesium and iodine, the radio-
activity was analyzed by scintillation spectrometry and the spectra
obtained are shown in Figures 10 and 11 respectively. In Figure 10 the
0.8L4 and 1.02 Mev spectral peaks which decay with a half 1life of 9.5
min confirm the presence of 9.L5 min magnesium-27. If the manganese-56
were not completely removed, the 0.8L Mev peak would decay with a
slightly longer half life than that indicated. In Figure 11 the 0.Ll
Mev spectral peak which decays with a half life of 25 minutes confirms
the presence of 25 min iodine-128. The shoulder on the receeding side
of the 0.Ll Mev peak is probably due to the weak 0.5L Mev gamma-ray
of I-128 which was inadequately resolved by the instrument.

Figure 12 is the gamma spectral and decay data obtained from

the dissolved gas separation. The spectral peak at 1.30 Mev which
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decays with a half life of 1.8 hours is characteristic of 1.83 hr
argon-Ll. The two peaks which appear at 0.22 Mev and 1.00 Mev are
. attributed to 180° backscatter and accented Compton shoulder. This

was confirmed both by applying Equations (5) and (6) and noting that

the decay of these two peaks was identical to that of the 1.30 Mev

peak of argon-ll.

After the specific separation for silicon was completed, the
radicactivity of the precipitate was analyzed in the beta instrument
described previously in this paper. Beta decay and absorption studies
for the Chicago water are shown in Figures 13 and 1l respectively.

In Figure 13 the decay data produces a straight line indicating the
presence of only one radioactive constituent decaying with a half

life of 2.6 hours. Figure 1l indicates a half-thickness of 86 mg/cm’2
of aluminum which corresponds to a beta energy of 1..47 Mev.32 This,
along with the chemistry, confirms the presence of 2.65 hour silicon-31.

B. Long-Lived Radionuclides (Chicago Water)

Figures 15 and 16 show the beta decay and absorption studies
for the phosphorus separation of the 2 week irradiated Chicago drink-
ing water. Analysis of the absorption data by the "Feather Method"33
indicates an apparent maximum beta particle range of 784 mg/cm® which
corresponds to an energy of 1.7 Mev (Figure 17).

Phosphorus-32 is not only produced from phosphorus-31 by a
(n,v) reaction, but is also produced from sulfur-32 by a (n,p) reac-

tion. Therefore, if sulfur is present in the original solution, the

concentration of phosphorus-32 obtained will be greater than the true

concentration of phosphorus in the sample. This value can be corrected
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by measuring the quantity of phosphorus=32 produced from a sulfur
standard. This value is then subtracted from the original value to
obtain the corrected phosphorus concentration.

The decay and absorption data obtained from the calcium
separation of the Chicago sample, Figures 18 and 19 respectively,
show the presence of a 160 day component having a beta energy of
0.25 Mev. This confirms the presence of 16L day calcium-45.

Figure 20 presents the gamma spectral data obtained for the

Acid Sulfide Group. These spectra show peaks at 0.56 Mev which decay

with a half life of approximately 3 days, and peaks at 1.60 Mev which
have a much longer half life. Decay data, Figure 21, indicate two
components, one with a half life of 2.8 days and the other with a
half life of 5L days. This is characteristic of 2.8 d antimony-122
and 60 day antimony-124 respectively.

Gamma spectral data obtained from the Ammonium Hydroxide

separation of Chicago water are presented in Figure 22. The only
spectral peak appears at 0.16 Mev which decays with a half life of
approximately 3 days. This is characteristic of 3.4 day scandium-47.
As the calcium group of this separation scheme also contained the 0.16
Mev component upon decaying for a few days, it was concluded that the
scandium-47 was produced from the beta decay of L.7 day calcium-47

and not from titanium-47 by a (n,p) reaction. This same 0.16 Mev peak
was also identified in the standard calcium and iron hydroxide groups

of the comparator sample which further confirms that scandium=47 is

the daughter of Ca=47 and not a product of a neutron reaction on Ti-L7.
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Only a very small quantity of radicactivity was detected in

the basic sulfide separation. The activity present was thought to be

due to either 2L5 day Zn-65, since zinc was previously detected with

a 16 hour irradiation period as Zn-69m, or possibly 72 day Co=-58 pro=-
duced from a (n,p) reaction upon Ni-58. However, the activity present
was not sufficient to obtain a conclusive confirmation. In the soluble
portion remaining at the end of the separation scheme, only 15 hour
Na-2l was detected as time did not permit further study of this frac-
tion.

Table VI lists the neutron activation analysis results obtained
for the elements usually assayed for by conventional methods. For
comparison, Table VI also includes typical results of the Chicago water
analysis obtained by conventional chemical techniques.Bh

Table VII lists the quantitative results for other elements
detected by neutron activation analysis, but which had not been reported
by conventional chemical analysis. Argon-L1 is denoted only as being
present, since the amount present is uncertain due to the procedure
used for the dissolved gas separation.

Quantitative results were also obtained by the absolute method
of analysis which employs Equation (2). The difference in the results
obtained by these two methods ranged from 6% to 33%. It is reasonable
to conclude, therefore, if accuracy were not t00 important in a

specific analysis, the absolute method could be employed.
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Table VI

Elements Determined in Water By Activation Analysis®

(Previously determined by Conventional Chemical Analysis)

Neutron Activation Analysis

w
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5] - o oy 5 5 g a 2.4
A 392 ) 88 2] = & < o5
Ca L0.2 34.6 36.0 63.3 8.5 23.5 11.6 12.3
Cl 7.0 6.6 3.lv 5.1 6.7 20.8 12.0 12.1
Cu 0.004 0.00L; 0.003 0.010 O.QOS 0.017 0.003 0.007
Mg 9.5 20.7 2.8 3.6 5.0 L5 1.1 8.5

[

P 0.002 0.00hé 0.005 0.029} 0.0031 0.011 0.0017 0.014L
K 2.50 1.9 1.4 3.6 0.67 2.1 0.72 0.53
Si02 2-1 1-85 , 1-70 h-25 3-8 h-2 6-6 1-70
Na L.40 6.5 6.4 1.6 1.6 21.2 3.8 L.0
Sr 0.L8 0.29 0.38 0.61 0.10 1.23 0.1L 0.08
Zn 0.023 0.028‘ <0.01 | €0.01 0.047 <0.01 £0.01 0.038

# Concentrations given in parts per million.
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Table VII
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Sb 0.030 0.030 0.016 0.023 0.0L40 0.057 0.0LL
A Lz Hr R R ¢ ¢ L3
As <0.00002 0.00002 | <0.00002 | £0.00002 | <0.00002 | <0.00002| <0.00002
Ba 0.010 0.021 <0.005 <0.005 0.006 0.005 <0.005
Br 0.32 0.18 0.12 0.18 0.07 0.17 0.05
I 0.027 0.002 0.027 0.007 0.00L 0.027 0.018
Mn 0.000) 0.001l 0.0026 0.0098 0.00L9 0.0028 |  0.0L0
Rb 0.20 <0.20 <0.20 <0.20 <0.20 <0.20 <0.20
Th <0.001 0.021 <0.001 | <0.001 <0.001 <0.001 <0.001

# Concentration given in parts per million.

#3¢ Presence indicated.
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8. SUMMARY AND CONCLUSIONS

Neutron activation analysis was applied to seven water samples
from selected geographical areas in the United States. The technique
proved adequate for the identification and measurement of nineteen
different elements (See Table VIII) ranging in concentrations from
0.00002 to 63.3 ppm. Irradiations were conducted in the Oak Ridge
Graphite Reactor, gamma spectrometry serving as the principal tool
for identification and measurement of specific induced radionuclides.

The degree of chemical separation required for a given sample
depended upon the element being determined and the variety of con-
stituents present. It was possible to determine chlorine, sodium,
and argon on the sample as irradiated. Most other elements required
separation. Ion exchange and precipitation were investigated and the
latter proved most gemerally satisfactory. For certain of the elements,
a general chemical separation was adequate. Others required specific
procedures. A summary of the elements identified, time of irradia-
tion and analytical procedure is given in Table VIII.

From the results reported in Table VIII, it is believed that
neutron activation analysis can be a valuable tool for sanitary eng-
ineers and geochemists in water studies. The technique is specific
in that each induced radionuclide decays with its own characteristic
radiation and half life. It is sensitive in that concentrations as

small as 10711

gram of some elements can be determined with an accuracy
of + 5¢ or better,h
The precision acquired by neutron activation analysis was also

demonstrated by the production of fluorine=-18 from oxygen-18. The
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Table VIII
Elements Determined in Water By Neutron Activation Analysis
Irradiation Nuclide Separation Counting
Element Period Produced Technique Procedure

A 2 h abl None S
c1 1h c138 None s

16 h c138 General Ys
Na 16 h Na2l None vs

16 h Na2l General s
As 16 h General ¥S
Ba 16 h General ¥S
Br 16 h General Ys
Cu 16 h General ¥S
Mn 16 h General ¥S
Sb 16 h General ¥S
Sr 16 h General ¥S
Th 16 h General ¥S
Zn 16 h General ¥S
I 16 h Specific YS
K 16 h Specific ¥S
Mg 16 h Mg27 Specific S
Rb 16 h Specific YS
Si 16 h Specific B~
Ca 2w Specific B~
P 2w Specific g~
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average quantity of fluorine-18 produced from the seven analyzed water
samples was 0.0563 # 0.0012 microcuries per liter. Since it is generally
concluded that the isotopic composition of water is quite constant over
a wide geographical area,BS the precision obtained in the analysis of

the seven samples was within LZ.

The study reported herein was limited to elements yielding radio-
nuclides with half lives ranging from minutes to days.. Location of
counting equipment nearer irradiation facilities would permit determina-
tions involving radionuclides of much shorter half lives, thus, widen-

ing the range of elements suitable for analysis.
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10. APPENDIX A: Gamma Scintillation Spectrometry

In order to understand and interpret correctly the gamma spectra
obtained from a scintillation spectrometer in this paper it is first
necessary to understand the gamma reactions taking place in the NaI(Tl)
crystal detector.

A gamma-ray interacting with the crystal loses its energy in one
or more steps by exciting the electronic states of the atoms composing
the crystal. As the atoms return to unexcited states, light is emitted
the quantity being proportional to the amount of energy absorbed from
the gamma photon. The light falls on a photo~-cathode, initiating a
current pulse proportional to its intensity. The photomultiplier
amplifies the pulse which is then differentiated and recorded after
passing through a preamplifier, a linear amplifier circuit, and a
discriminator.l

The various characteristics of gamma spectra originate from the
manner in which the gamma photons lose their energy in the crystal.
This loss of energy can be accredited to the photoeleétric effect,
Compton scattering, or pair production.

When the photoelectric effect takes place, all of the gamma energy
is transferred to an electron, and the electron is removed from the
atom with a kinetic energy very nearly equal to that of the gamma ray.
In losing its kinetic energy by collisions with other electrons, the
ejected electron excites these atoms and produces flashes of light
and is ultimately slowed to rest. For a photoelectric interaction,

the instrument will record a gamma-ray energy equal to

Eg = E, -W (3)
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where EB is the kinetic energy of the electron, EY is the initial gamma

energy, and W is the work function which is equal to the binding energy

of the electron. The energy E_ is very nearly equal to EY’ since the

B
binding energy of an electron is very small compared to the energy of
photons. The "photopeak" created by this reaction is the spectral
peak normally used in the identification of gamma emitting nuclides
and is labeled "A" in Figure 23.

The second mechanism by which a gamma=-ray may lose energy is by
the Compton scattering. This occurs when a gamma photon "“collides™
with an electron and transfers only a fraction of its energy, the

fractional amount depending upon the angle through which the photon

is scattered. Such interactions may be described by Equation (L)
By
P 1+ mgce
EY(lwcos e)

. (L)

where EB is the energy of the recoil electron, EY is the energy of

the incident gamma=-ray, moc2 is the rest energy of the electron, and

@ is the angle through which the photon is scattered after collision.
Subsequent to Compton scattering, a photon may be absorbed in

a photoelectric interaction or undergo additional Compton efents.

If the photon is completely absorbed within the crystal, the pulse

recorded by the instrument will fall beneath the photoelectric peak.

If, however, the photon excapes from the crystal after being scattered,

a pulse representing a lower energy will be recorded. (See Compton

slatter region, marked "C" in the spectrum of Figure 23.)
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The amount of energy which can be transferred to an electron by
a single Compton scatter process is a maximum when the angle of scatter
is 180°. That is, the electron recoils straight forward and the photon
is scattered straight back. If the photon is scattered out of the
crystal after such‘a collision process, the energy recorded by the
instrument will be degraded from the photopeak and the pulse will
fall under region ®B® on the spectrum of Figure 23.

The large dip in the spectrum immediately before the photopeak
is termed the "Compton Shoulder.” The energy of the Compton Shoulder
can be derived from Equation (L) by substituting 180° for @, and
solving for the energy of the recoiling electron, Eg;,- This equation

becomes

Ey
- mge?

2E,

It can be shown by the Klein=Nishina Equation3 that the cross-section,

. (5)

(1 + )

or probability, for a Compton scatter process increases with the
angle and becomes a maximum as the angle of the scatter reaches 180°.
This explains the slight peak at region "E" on the gamma spectrum of
Figure 23.

The region marked ®"D®* in Figuré 23 is called the "180° backscatter
peak.® This peak results from photoelectric absorptions of gamma
photons previously scattered 180°. The energy of this peak is

Ebs; = Ey = Epays (6)
where Epsc is the energy of the backscattered photon entering the

crystal.ll
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The third process in which a photon can lose energy is by pair
production. In the presence of a near-by nucleus, a photon possessing
an energy greater than 1.02 Mev can form two particles, an electron,
and a positron. These particles possess a kinetic energy equal to
EY = 1.02 Mev, which they lose through their collisions with electrons.
As the kinetic energy of the positron approaches zero, it annihilates
with an electron to produce two photons, each having an energy of 0.51
Mev. If all of these processes are detected by the instrument, the
gamma energy will be recorded beneath the photopeak. But, if one of
the 0.51 Mev photons escapes, a peak will appear on the gamma spectrum
at an energy of 0.51 Mev less than the photopeak energy. If both 0.51
Mev photons escape from the crystal, a spectral peak will appear at
an energy of 1.02 Mev less than the photopeak energy. The peaks are
called “escape peaks™ and are shown very clearly at energies gf 1.73
and 2.2 Mev in the Na=2l spectrum of Figure 9.

Another phenomenon occurring generally when a wellntypé crystal
is employed, is “coincidence summing," or what is sometimes called
"pile up® or "build upnﬂs That is, if two different photons enter the
crystal and react at exactly the same time, the photo-cathode will
®see™ both flashes of light as one and will produce a false peak which
can create some uncertainty if not understood and interpreted correctly-

In a solid crystal coincidence summing is considerably reduced.
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