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INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS OF PHOSPHORUS 

IN BIOLOGICAL MATERIALS BY BREMSSTRAHLUNG MEASUREMENT 

SUMMARY 

The determination of phosphorus in biological materials by 

instrumental neutron activation analysis via the reaction 
31P (n,y) 32P is described. The Bremsstrahlung produced by 
32P is measured in a well-type Na I (Tl) detector. The 

samples are measured within the polyethylene irradation 

container with no changes between irradiation and measure

ment. The sources of error were studied an- the proposed me

thod was applied to the determination of phosphorus in ten 

internationally certified materials. 
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INTRODUCTION 

Neutron activation analysis is a sensitive method for the determi -

nation of phosphorus via the reactions 31P (n,y) 32P and 31P (n,a) 
28A1. A bibliographical survey of these methods is shown in Table 1. 

Because 32P emits no measurable gamma rays and 26A1 has a very short 

half-life, many workers have developed other radioanalytical methods 

such as derivative neutron activation analysis (34-37), isotopic ex

change (38), radioreagents (38-40), and isotopic dilution with sub-

stoichiometric liquid-liquid extraction (41-44). 

In this laboratory, about 25 elements are routinely determined in 

plants by instrumental neutron activation analysis. The importance 

of phosphorus in plant physiology justified an adaptation to deter

mine this additional element. The reaction 31P (n,y) 32P and the 

measurement of the bremsstrahlung produced in a well-type Na I (Tl) 

detector by the beta rays of 32P would be easily added to the 

existing procedure and required no additional equipment. 

The proposed method has been applied previously without discussion 

(Table 1,A). This paper presents the factors affecting the accuracy 

of the method and reports the results of its application to standard 

reference materials of known phosphorus content. 
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Table 1 Determination of phosphorus by neutron activation analysis 

A) Analytical reaction: 31P (n,T)32P. 

Potential interferences: 32S (n,p) 32P 
35C1 (n,a) 32P 

Irradiation facility: nuclear reactor. 

With radiochemical 
3 2 

separation of P 

Methods of detection 

Measurement of beta 

radiation (Geiger-

Miiller detector) 

Applications 

Biological materials 
(1-6), rocks (7-10) 
water (11) 

Measurement of brems-

strahlung (Na I (Tl) 

detector) 

Biological materials 

(12, 13) 

Cerenkov radiation 

(photomultiplier 

detector) 

Biological materials 
(14-15) 

Without radiochemical 
separation of 2P 

Measurement of beta 
radiation (Geiger-
Miiller detector) 

Biological materials 

(3, 16-19), rocks (20) 

Measurement of brems-

strahlung (Na I (Tl) or 

Ge(Li) detectors) 

Biological materials 

(18, 21, 22) 

Measurement of brems-

strahlung (plastic 

scintillator) 

Rocks (23) 

Measurement of Cerenkov Biological materials 

radiation (photomulti- (15, 24, 25) 

plier detector) 
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B) Analytical reaction: 31P (n,a) 28A1 

Potential interferences: 27A1 (n,y) 2aAl 
2eSi (n,p) 28A1 

Irradiation facility: Neutron generator (14 Mev) or 

nuclear reactor (epithermal neutrons). 

Radiochemical separation of 2BA1 is excluded because of its short 

half-life (2.2m) 

Neutron source Applications 

14 Mev neutrons Biological materials (26-28), synthetic 

mixtures (29). 

Epithermal neutrons Biological materials (30-32), synthetic 

mixtures (33). 
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EXPERIMENTAL 

Samples and standards 

Powdered materials were encapsulated for irradiation in clean high-

purity polyethylene containers ("Spronk" containers: Hart Woolre-

search Foundation, Vondelstraat 47, Amsterdam). Containers type T 

(capacity: 0.35 ml; weight: 0.22 g) and D (0.85 ml; 0.37 g) were 

used. The same type of container and weight of material (+ 10 %) 

were taken for samples and standards. Typical sample weights are 

200 mg (container T) and 550 mg (container D). 

Irradiation 

Samples and standards were irradiated concurrently in the rotating 

facility of the reactor Saphir for 0.4 - 1.5 h at 3.3 • 1013 

n • cm"2 • s-1. 

Phosphorus standard 

In order to reproduce the apparent density of the samples, spruce 

needles (Picea abies (L.) Karst.) were used as a phosphorus standard. 

Twigs were collected and washed with chloroform to remove wax and 

other adhering material (45). They were then dried at 65 °C for 

three days and the needles were pulverized in a coffee grinder, 

then kept in an open container for one week to permit their moisture 

content to equilibrate with that of the atmosphere. The analysis of 

this material gave on a dry basis (85 <>C) 1900 ppm for phosphorus 

(colorimetry), 928 ppm for sulfur (nephelometry) and 842 ppm for 

chlorine (neutron activation analysis). 
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Anion exchange resin loaded with 32P 

An anion exchange resin (Dowex 1 x 8, 50 - 100 mesh) was loaded 

with 3 2P0 3 _ by the batch technique, washed with water and air 

dried at 20 °C. The loaded resin was used to simulate activated 

biolcjical materials containing 32P. The apparent density of 

the air dried resin was 0.71 g/cm3. Its small beads are incom

pressible and behave like a liquid. 

To prepare samples with different apparent densities, an easily 

compressible and homogeneous material was prepared by grindinq 

a mixture of the 32P loaded resin (1 mass unit) and spruce 

needles (2.5 mass units). 

Counting equipment 

Counting was done with a well-type Na I (Tl) detector linked to 

a single-channel gamma spectrometer. The window of the amplifier 

was set to integrate the gamma rays in the interval 100 - 200 Kev; 

this setting was somewhat arbitrary. The radiation measured was 

the bremsstrahiung generated by the beta rays (Emax = 1-7 Mev) of 
32P in the sample, the polyethylene container, and the detector 

itself. An aluminum absorber 3.00 mm thick (810 mg/cm2) was used 

in some cases; the range of the 1.7 Mev beta rays in aluminum 

is 800 mg/cm2. 

The counting arrangement used and the sensitivity curve are shown 

in Figs. 1 and 2, respectively. 



Container 'fepronk' type T Conlaimr TSpronk" type D 

Fig. 1: Counting arrangement with a well-type Na I (Tl) detector. 
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Fig. 2: Sensitivity curve and background of the Na I (Tl) detector 

for a 100 Kev window. The count rate has been normalized 

to the value at 60 Kev, i.e., the value for the energy 

window between 60 Kev and 160 Kev. 
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RESULTS AND DISCUSSION 

Methodology 

This paragraph studies the different factors which may affect the 

determination of phosphorus in biological materials. 

Linearity. Mixtures of 3ZP loaded and non-loaded resins were en

capsulated in type D containers. The weight of the mixture was 

kept constant and equal to 328 mg, which represents about one 

half of the containers capacity. Good linearity was obtained by 

plotting the specific count rate as a function of the weight of 

the loaded resin in the mixture, as shown in Fig. 3. The slope 

of the straight line obtained using the aluminum absorber was 

not significantly different from zero, whereas that obtained 

without the aluminum absorber was different from zero at the 

P = 0.10 level. The presence of the aluminum absorber lowers 

the count rate by a factor of 2.7. With the aluminum absorber, 

all the beta rays are absorbed in the sample and the aluminum . 

Without aluminum , most of beta rays enter the detector itself 

and are absorbed there. The components of the detector (Na and I) 

have higher atomic numbers than that of aluminum and produce 

bremsstrahlung in higher yield. 

Sample weight (volume). The variation of the specific count rate 

with the sample weight (volume) is shown in Figs. 4 and 5 for 

containers D and T, respectively. The specific count rate de

creases as the sample weight increases because of the increase 

in sample volume and the self-absorption within the sample. 

Sample density. Samples with different apparent densities were 

obtained by completely filling the containers with different 

quantities of the mixture of radioactive resin and spruce needles. 
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Fig. 3: Specific count rate as a function of the weight of 

the 32P loaded resin. 

The total weight (volume) of the sample is kept con

stant whereas the weight of 32P loaded resin in the 

mixture varies. 

RSD: Residual Standard Deviation. 
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Fig. 4: Specific count rate as a function of the weight of 32P 

loaded resin used in container type D. 

The apparent density of the sample is kept constant whereas 

the weight (volume) of 32P loaded resin varies from one third 

to the full capacity of the container. 

RSD: Residual Standard deviation. 
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Fig. 5: Sppcific count rate as a function of the weight of 32P loaded 

resin used in container type T. Other considerations are the 

same as those in Fig. 4. 



12 

The relationship of the specific count rate to the sample weight 

is shown in Figs. 6 and 7 for the two types of containers. The 

trends are the same as those shown in Figs. 4 and 5, i.e., the 

specific count rate decreases as the sample weight increases. 

Increasing the sample density increases the fraction of beta 

rays absorbed within the sample and decreases the fraction rea

ching the detector. Because the main constituents of the sample 

(C, 0, and H) have low atomic numbers, they yield less brems-

strahlung than do the heavier components (Na and I) of the detector. 

The derived equations may be used to reduce the specific activity 

of samples of different weights to a common weight. Also, in a 

real analysis, the ratio of the specific activities with and with

out aluminum absorber may be used to dttect the presence of gamma 

emitting nuclides. 

Blank. In the proposed method, samples and standards are subjected 

to radioactive counting in the polyethylene container in which 

they were irradiated. Trace amounts of bromine and chromium are 

present in these containers. However, measurements made 1 0 - 5 0 

days after irradiation showed that the interfering emissions from 

the radionuclides 82Br and 51Cr never caused an error equivalent 

to as much as 1 yg of phosphorus per container (type D or T). In 

a typical analysis, this phosphorus-equivalent content introduces 

an apparent concentration of 5 ppm (container T, 200 mg sample) 

or 2 ppm (container D, 550 mg sample). As the phosphorus content 

of most biological materials is about 1000 ppm, these small errors 

are inconsequential. 

Interferences. The interferences introduced by the reactions 32S 

(n,p) 32P and 35Cl(n,a) 32P were determined by irradiating known 

quantities of (NH^HPO.,, KC1, and K2S0„ in the same irradiation 

position used for the phosphorus analysis. After waiting for the 

decay of some small gamma activities, the samples were dissolved 

in water and matched for their salt content. Aliquots of 2.0ml were 
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r i g . 6: Specific count rate as a function of the weight of the 
3ZP loaded resin-spruce needles mixture used in container 
type D. 
The sample container is always f i l l e d completely and the 
apparent volume is therefore constant. The weight (apparent 
density) of the 32P loaded resin-spruce needles mixture 
varies. 
RSD: Residual Standard Deviation. 
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Fig. 7: Specific count rate as a function of the weight of the 
32P loaded resin-spruce needles mixture used in container 
type T. Other considerations are the same as those in 
Fig. 5. 
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then subjected to radioactive counting in the Na I (Tl) detector 

under the conditions used for routine phosphorus sample analysis. 

Per unit mass phosphorus produced 37.5 times as much activity as 

sulfur and 108 times as much as chlorine. Thus, for most materials, 

the correction for sulfur amounts to a few per cent of the phos

phorus content and the correction for the chlorine content is much 

smaller and can usually be neglected. 

Analysis of real samples 

The methodology discussed in the preceding paragraphs was applied 

to the determination of phosphorus in some biological materials 

of known phosphorus content. 

Decay time. Any radioactivity contributed by the short-lived 

nuclides 21*Na, "2K, and 82Br decays to an insignificant level with

in eight days after the irradiation of the sample. After this 

waiting period, the decay of the count rate follows the half-life 

of 32P, as seen in Fig. 8. The small long-term fluctuations in 

the horizontal part of some of the curves may be due to long-term 

instability of the counting equipment. These fluctuations do not 

influence the determination of phosphorus because the standards 

and samples are measured at nearly the same time and the counting 

equipment is virtually stable for this short period. A standard 

decay of 14 - 20 days was chosen. 

Sensitivity. A typical 550 mg plant sample containing 1000 ppm 

phosphorus irradiated at an integrated flux of 1.5 x 10 1 7 n-cm"2 

gives a count rate of 1.6 x 103 cps when measured without alu

minum absorber two weeks after irradiation. The background count 

rate is 1.3 cps. 
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Fig. 8: Variation of the normalized count rate with the decay 

time. 

The count rates were corrected for decay using the half-

life of 32P (14.3 days) and normalized to the first 

measurement. 
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Sources of error. The production of 32P from 35C1 and 32S inter

feres directly with the determination of phosphorus. Contribu

tions from these sources can be calculated and substracted using 

the factors determined in the Interferences section of this 

paper if the concentrations of chlorine and sulfur in the analy

tical sample are known. 

The determination of chlorine by neutron activation analysis, 

via 37C1 (n,Y) 38C1 is a straightforward task. Sulfur, however, 

yields no useful gamma emitter. Irradiations of samples with and 

without thermal neutron shielding should enable the simultaneous 

determination of P and S, but this procedure has not been tested here 

(5, 11). 

No interference by long-lived radionuclides ( 23 ) or high energy 

beta emitters ( 20 ) has been detected from the shape of the de

cay curves (Fig. 8). Certainly this is because the content of 

phosphorus in most biological materials is very high relative to 

that of any potentially interfering elements. 

The error introduced by comparing the specific activities of 

samples and standards of different weight can be corrected using 

the equations presented in Figs. 6 and 7 (see Appendix). 

However, in the routine analysis of very similar materials is 

worthwhile simply to match the standard to the sample in weight, 

volume, and composition. 

Results. The results of the analysis are shown in Table 2. Each 

individual replicate and the corresponding standard were measured 

without aluminum absorber eight times during the time period of 

10 - 39 days after irradiation. The phosphorus content of each 

sample was calculated for each measurement. The coefficient of 

variation of these eight determinations was always less than 2 % 

for all 33 replicates. The post-irradiation decay period is thus 

shown to be flexible, and a single measurement should suffice for 

normal work. 



Table 2 Analysis of biological materials with known phosphorus contents. 

Material 

"Feuilles d'oliwier" 

"Feuilles de pecher" 

"Feuilles d'oranger" 

Orchard leaves,NBS-SRM-1571 

Bowen's Kale 

Bovine l iver NBS-SRM-1577 

Milk powder IAEA-A-11 

Milk powder BCR-63 

Citrus leaves NBS-SRM-1572 

Pine needles NBS-SRM-1575 

Phosphorus 

Found (a) 

ppm 

818 

2720 

1550 

1930 

4590 

11300 

9140 

9720 

1250 

1170 

C.V. (%) 

1.1 

0.43 

1.4 

1.1 

0.78 

1.4 

0.44 

1.4 

2.0 

0.85 

Known content, 
ppm 
(l i terature 

values) 

830 ± 60 

2920 ± 100 

1500 ± 100 

2100 ± 100 

4540 ± 1600 

11000 

9100 i 1020 

10400 ± 300 

1300 * 200 

1200 ± 200 

Found 

Known 
content 

0.99 

0.93 

1.03 

0.92 

1.01 

1.03 

1.00 

0.94 

0.96 

0.98 

Sulfur 

Known 
content,ppm 

1970 

2390 

2660 

2080 

15800 

7100 

18000 

n.a.(c) 

4070 

n.a.(c) 

Correction 
for S(b),X 

6.4 

2.3 

4.6 

2.9 

9.2 

1.7 

5.2 

8.7 

References 

(46) 

(46) 

(46) 

(47) 

(48) 

(49) 

(50) 

(51) 

(52) 

(53) 

(a) Three replicate samples were analyzed in every case except Milk powder BCR-63 where there were six. 
The mean includes the correction for the sulfur content: apparent ppm P found ppm S 

" 3775 

(b) (Apparent ppm P from S) 100 ^ 
ppm P after correction for the contribution from S 

(c) Not available. 



18 

Accuracy and precision of the method. Table 2 shows that the method 

is accurate. The ratio found/known content (n = 10, x = 0.98, s = 0.04) 

is very close to 1, especially when account is taken of the uncer

tainty associated with the reference values. 

Whenever new biological materials are analyzed, phosphorus should 

be determinated with and without an aluminum absorber in order to 

detect any contribution from gamma-emitters. For example, the results 

obtained for beech leaves (n = 12) and spruce needles (n = 20) for 

the ratio of the phosphorus content (x + Is) determined without and 

with aluminum absorber were 1.03 ± 0.01 and 1.01 + 0.01, respectively. 

The contribution of gamma-emitters could therefore be neglected in 

these cases. 

The precision was tested by analyzing many samples in duplicate. A 

typical run with 21 samples of beech leaves analyzed in duplicate 

showed a coefficient of variation of 0.75 % for phosphorus contents 

ranging from 800 to 1400 ppm. 

The reproducibility, or long-term standard deviation, was determined 

by including two-samples of NBS-SRM-1571 Orchard Leaves in each of 

13 irradiations spread over one year. The result was x = 1950 ppm, 

C.V. = 1.3 %, and a range of 1910 to 1990 ppm phosphorus. 

Routine determinations. The determination of phosphorus by instru

mental neutron activation analysis requires that appropriate stan

dards be irradiated along with the analytical samples (see Sensiti

vity). Materials can be analyzed in the laboratory for this purpose 

or reference materials analyzed and certified by such institutions 

as the U.S. National Bureau of Standards nay be used as standards. 

For a 550 mg sample containing about 1000 ppp phosphorus, three 

consecutive countings of 20 S each are enough to determine phos

phorus 2 to 3 weeks after irradiation. 
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Although a well-type Na I (Tl) sc in t i l la t ion detector was used in 

this work, a Ge(Li) well-type detector could also be employed. 

Several hundred of samples can be analyzed in a working day usinq 

an automatic sample changer and the appropriate data acquisition 

system. The avai lab i l i ty of neutron i r radiat ion, i . e . , reactor 

i r radiat ion capacity, is more l i ke ly to l im i t the sample 

throughput. 
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APPENDIX 

The function (see Figs. 6 and 7) relating the specific count 

rate (y) to the weight of the sample in mg (x) is: 

y = a + bx (1) 

The content of phosphorus (y1) in ppm is a more useful quantity 

than the specific count rate, to which it is related by 

y' = ky (2) 

Substituting (1) into (2) yields 

y' = ka + kbx (3) 

If the straight line passes through (xi, yi), then 

yi 

k = (4) 
a + bxi 

where Xi is the weight of the sample in mg and yi is its apparent 

phosphorus content in ppm obtained by comparing the sample and the 

standard. 

Substituting (4) into (3) yields 

ayi byj 
y- = + x ( 5) 

a + bxi a + bxi 

The true phosphorus content of the sample y' is obtained by re-

placingx in equation (5) with the weight of the standard (in mg) 

used to determine yi, the apparent phosphorus content of the 

sample. 
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