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The high sensitivity detection of the trace element selenium is reported. The analytical method 
applied is Laser Excited Atomic Fluorescence Spectrometry using Electrothermal Atomization 
within a graphite furnace atomizer. For the production of tunable laser radiation in the VUV 
spectral region a laser system was developed which consists of two dye lasers pumped by a 
Nd:YAG laser. The laser radiations are subsequently frequency doubled and sum frequency 
mixed by nonlinear optical KDP or BBO crystals, respectively. The system works with a repeti
tion rate of 20 Hz and provides output energies of up to 100 uJ in the VUV at a puis duration 
of 5 ns. The analytical investigations were focused on the detection of selenium in aqueous so
lutions and samples of human whole blood. 

From measurements on aqueous standards detection limits of 1.5 ng/1 for selenium were 
obtained, with corresponding absolute detected masses of only 15 fg. The linear dynamic range 
spanned six orders of magnitude and good precision was achieved. In case of human whole 
blood samples the recovery was found to be within the range of 96 % to 104 %. The determi
nation of the selenium content yielded medians of [119.5 ± 17.3] ug/1 for 200 frozen blood 
samples taken in 1988 and [109.1 ± 15.6] ug/1 for 103 fresh blood samples. 
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Introduction 

Within the last years an enormous interest in high sensitivity detection methods has arisen on the 
medical and biological sector. In particular the investigation of trace elements and their influence 
on the human organism attained increasing importance [1][2]. Till today many methods, for 
example Atomic Absorption (AAS) or Fluorescence Spectrometry (AFS), Inductively Coupled 
Plasma techniques (ICP), Neutron Activity Analysis (NAA) and related techniques, have been 
established in this analytical area [3]-[5]. They make possible the detection of numerous 
elements, but often some difficulties occur when biological samples have to be analysed. This is 
mostly caused by spectral or chemical interferences during the measurements [6] [7]. 

The introduction of a laser as the excitation source in contrast to conventional discharge lamps 
leads to an almost complete elimination of such problems. This technique is called Laser Excited 
Atomic Fluorescence Spectrometry (LEAFS) [8][9]. It offers a double selectivity because of the 
efficient excitation of specific atomic transitions with spectrally narrow laser radiation followed 
by the spectrally selective detection of the fluorescence of the element. Therefore even in most 
cases of complex samples background free analytical signals can be obtained without a supple
mentary compensation. Moreover the high laser intensities of pulsed systems lead to a saturation 
of the fluorescence of the element which reduces the influence of laser fluctuations and implies 
lower detection limits. 

The combination of LEAFS with the well studied Electrothermal Atomization within a graphite 
furnace (ETA-LEAFS) yields further improvements because several experiences in regard to 
sample preparation and handling can be used [10][11]. In addition only low sample volumes are 
required. We typically use 10 pi for our experiments. A recent overview on the topic of ETA-
LEAFS and its superiority to conventional analytical methods is given by Sjostrdm [12]. This 
can also be seen in an article of Smith et al. [13], who summarized the detection limits for se
veral elements obtained by different methods. The best detection limit reported was achieved in 
case of thallium 0.005 ng/1, which corresponds to a mass of 0.1 fg [14]. 

Our investigations were focused on the high sensitivity detection of the trace element selenium. 
Selenium is an essential trace element for human beings. It is responsible for circulatory distur
bances and diseases of the heart [15][16]. It attained a worldwide attention in connection with 
the Keshan disease which appeared in a province of China in 1979 and which could be explained 
by selenium deficiency [17] [18]. Former investigations have also shown a protective role of 
selenium against cancer [19] [20]. Moreover it has some de-toxifying effects on heavy metals. 
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On the other hand in high concentations selenium shows toxic properties. The average selenium 

content in human blood of german citizens normally is in the range of about 100 u.g/1. Although 

numerous investigations were made in the past, the influence of selenium on the human orga

nism has not been fully clarified. 

Within this paper, we present our results obtained in regard to the detection of selenium in 

aqueous solution. Moreover we determined the selenium content in 303 samples of human 

whole blood. This was done in cooperation with the german Bundesgesundheitsamt (BGA) in 

Berlin, who study the effects of trace elements on the human organism are studied. To our 

knowledge ETA-LEAFS is applied for the first time for the detection of the element selenium. 

Experimental 

For the production of tunable VUV laser radiation we used a laser system consisting of two 

grazing incidence dye lasers [21]. As the pump source for the two sychronously pumped dye 

lasers a commercial Nd:YAG laser (Lumonics, HY 500, special version) is used which is 

internally frequency doubled and provides output energies of up to 100 mJ with a puis duration 

of 8 ns at a repetition rate of 20 Hz. The system also enables repetition rates of 50 Hz and 100 

Hz. One dye laser operates in the red spectral region around 641 nm and the other one runs in 

the yellow region at 565 nm. The laser radiation of the second laser is subsequently frequency 

doubled within a KDP crystal. The crystal is followed by a quarz compensator which rotates in 

the opposite direction and eliminates the beam shift during angle tuning, to get optimal type-I 

phase matching. After that, the laser beams at 641 nm and 283 nm are combined and sum fre

quency mixed within a BBO crystal. This yields the required VUV laser radiation at 196 nm 

which is finally separated from the remaining fundamental waves by a Pellin-Broca prism. More

over the laser radiation in the VUV is guided under the atmosphere of pure N2 because of the 

absorption of the oxygen portion in the laboratory air, which is about 5 % per meter. 

The laser system produces output energies of up to 100 uJ at a puis duration of 5 ns in the 

VUV, which means a peak power of 20 kW. The corresponding spectral bandwidth is 13 GHz 

and the relative standard deviation of the puis fluctuations was determined to be 25 %. 

The analytical arrangement for our ETA-LEAFS measurements is schematically depicted in 

Figure 1. The VUV laser radiation is focused through the hole of a pierced mirror into a com-
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Figure 1: Schematical setup of the ETA-LEAFS system 

mercial graphite furnace atomizer (Perkin&Elmer, HGA-500) equiped with an autosampler 
(Perkin&Elmer, AS-40). For our measurements pyrolytic coated graphite tubes with L'Vov 
platforms are used. As the analytical signal we observe the backward fluorescence of the excited 
atoms which is collected via the mirror and focused by a lens onto the entrance slit of a mono-
chromator (B&M Spektronik, d = 0.1 mm, f = 25 cm). For signal detection a solar blind photo-
multiplier (Hamamatsu, R 166 UH) is used to avoid background signals caused by the thermal 
radiation of the atomizer. The signal is subsequently preamplified (Ortec, 9301) and worked up 
by a fast boxcar integrator (Stanford Research, SR 250). A personal computer finally manages 
the signal recording and also controls the laser system and the atomizer. 

Aqueous selenium solutions are obtained by dilution of a standard element solution Titrisol 
(Merck, 1 g/1) with multiply destilled and deionised water (Millipore). The acid level is adjusted 
to be 0.2 % v/v nitric acid. Because of the high volatility of selenium a commercial palladium 
nitrate modifier (Merck, 10 g/1) is used for matrix modification, which is further diluted to 
concentrations of 0.2 g/1 to 0.5 g/1 palladium. 

In case of blood samples we use a reference blood standard Seronorm (Nycomed, Batch 
010010) with a certified selenium content of [93 + 4] ug/1. Real blood samples from the BGA 
are directly transferred into EDTA coated tubes. Due to the high sensitivity of our system we 
further dilute the blood samples normally by a factor of 10 or 20. Moreover the samples contain 
0.2 % v/v nitric acid and 0.01 % v/v Triton X-100. The addition of Triton X-100 causes a re-
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duced surface tension enabling a better sample deposition onto the L'Vov platform and also 

reduces the residues within the vessel of the autosampler. 

During an analytical cycle first 10 jul of the sample are transferred into the graphite tube fol

lowed by the same amount of the modifier. Thereafter thermal preparation takes place using a 

standard graphite furnace programme. It was first proposed by Welz et al. [22] and only slightly 

modified for our experiments. The ashing temperature is raised up to 1000 °C and the atomiza-

tion temperature is chosen to be 2200 °C. This procedure enables about 250 successive 

measurements till the graphite tube has to be exchanged. 

Results 

Our analytical investigations were focused on the detection of the element selenium. The main 

absorption line lies in the VUV spectral range at 196 nm. From the excited level there exist 

three possibilities for fluorescence observation, either the resonant detection on the transition 

back to the ground state or the ones on the cross transitions at 204 nm or 206 nm to related 

levels. The latter two cases have the advantage to be free from laser straylight. 

An interesting point is the dependence of the fluorescence signal on the excitation energy. With 

increasing laser energy the element fluorescence shows a saturation effect. This can be seen in 

Figure 2 for excitation at 196 nm and observation on the cross transition at 204 nm. 
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Figure 2: Dependance of the fluorescence signal on the laser energy 
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The two curves represent different optical adjustments at different days. Nevertheless both 

curves show a similar behaviour and yield the same saturation energy of [1.0 + 0.2] uJ in pre

sence of the palladium modifier. With a cross section of the laser beam within the atomizer of 

0.2 mm2 this corresponds to a saturation intensity of [100 ± 20] kW/cm2. The saturation level is 

defined as the level where half of the maximal excitable fluorescence is obtained. We also made 

some measurements without the presence of the modifier which even led to a higher saturation 

energy of [2.1 + 0.4] uJ. These results were reconsidered at different days with modified opti

cal parameters (e.g. beam cross section). 

The calibration curve for aqueous selenium samples which is given in Figure 3 shows a excellent 

linear behaviour. The detection limit follows from the extrapolation of the calibration curve on 

three times the standard deviation of a blank signal to 1.5 ng/1. With a sample volume of 10 pi 

this leads to an absolute detected mass of only 15 fg, which means an enormous increase in 

sensitivity compared to conventional systems. From this detection limit we get a linear dynamic 

range over six orders of magnitude. The calibration curve bends over for concentrations above 

5000 ug/1, but unfortunately concentrations above 1000 ug/1 cause a contamination of the gra

phite tube. Therefore we restricted our measurements up to this practical limit. 
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Figure 3: Calibration curve for aqueous selenium samples 

Normally we analyse an unknown sample in three successive measurements and take the mean 
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nium sample, which means a time period of nearly two hours. We got a relative standard devia

tion for an individual measurement of 5.1 % which resulted in a precision of 0.9 % for the mean 

value. 

For the calibration of our system in case of whole blood samples we use the reference blood 

standard Seronorm. To determine the selenium concentrations within unknown samples first a 

calibration curve is recorded using five standard solutions. Afterwards each individual sample is 

analysed three times. Comparison of its mean value with the calibration curve leads to the real 

selenium content. In all cases the area of the fluorescence signal, which means an integration of 

the element fluorescence at the observation wavelength over the time, is evaluated. This enables 

the altenative use of aqueous selenium standards because equal element concentrations yield 

equal signal areas independent of the sample matrix. 

From investigations with the standard addition method the recovery of a known selenium blood 

concentration was determined to be within the range of 96 % to 104 %. Due to the more com

plex sample matrix successive measurements of the same blood sample led to slightly higher 

values of 6.5 % for the relative standard deviation and 1.1 % for the precision of the mean. 

As a first practical application a cooperative study with the german Bundesgesundheitsamt 

(BGA) was undertaken. During an epidemiological study some thousands of whole blood sam

ples were taken from the population of Berlin and our part was the determination of the 
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selenium content [23]. First we analysed 200 blood samples which were taken in 1988 and sub

sequently frozen. This yielded the distribution for the selenium content given in Figure 4. The 

mean value was found to be 122.0 ug/1. From the gaussian fit we obtained a median of 119.5 

ug/1 with a corresponding standard deviation of 17.3 ug/1. 

If the selenium content is analysed in dependence of the age of the test person no tendency can 

be seen either in regard to the age or to the sex of the test persons. Only some extreme high 

values of a few samples can be explained by an additional intake of selenium preparations. 

In addition to the measurements mentioned above we also investigated 103 fresh whole blood 

samples which led to a mean value of 114.2 ug/1. The median was determined to be 109.1 ug/1 

w'..h a corresponding standard deviation of 15.6 ug/1. Within the statistical uncertainities this 

means the same result as we got from the frozen samples. 

An important point was the comparative investigation of analytical samples with different de

tection methods. Table 1 gives an overview of the measured values obtained with our system, a 

Flow Injection Atomic Spectrometry system (Perkin&Elmer, FIAS-200) at the Freie Universitat 

(FU) of Berlin and the Neutron Activity Analysis (NAA) at the Hahn-Meitner-Institut (HMI) in 

Berlin. For the measurements we selected the whole blood standard, seven frozen and fresh 

human whole blood samples, respectively, and four blood samples of sheep with different food 

additives. Altogether we found a good correspondence for all samples especially between the 

results of the ETA-LEAFS and the FIAS system. Only in case of the NAA system some larger 

differences appeared for two sheep samples. 

Conclusions 

This paper deals with the high sensitivity detection of the trace elements selenium in aqueous 

solutions as well as in samples of human whole blood. As analytical method we use the Laser 

Excited Atomic Fluorescence Spectrometry in combination with Electrothermal Atomization 

within a graphite furnace atomizer (ETA-LEAFS). It has been demonstrated that the intro

duction of a laser system for excitation of atomic transitions even in the VUV spectral region 

yields some fundamental improvements. 

First of all ETA-LEAFS offers an extreme high sensitivity which leads to 100 or 1000 times lo
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selenium content [23]. First we analysed 200 blood samples which were taken in 1988 and sub-

sequently frozen. This yielded t.he distribution for the selenium content given in Figure 4. The 

mean value was found to be 122.0μgl1. From the gaussian fit we obtained a median of 119.5 
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w:.h a corresponding standard deviation of 15.6μgI1. Within the statisticaI uncertainities this 

means the same resu1t as we got合omthe合ozensamples. 

An importan.t point was the comparative investigation of analytical samples with different de-

tection methods. Table 1 gives an overview of the measured values obtained with our system， a 

Flow Injection Atomic Spectrometry system (Perkin&Elmer， FIAS-200)瓜 theFreie Universitat 

(FU) ofBerlin and the Neutron Activity Analysis (NAA) at the Hahn-Meitner-InstItut (HMl) in 

Berlin. For the measurements we selected the whole blood standard， seven仕ozenand合esh

human whole blood samples， respectively， and four blood samples of sheep with di百erentfood 

additives. Altogether we found a good correspondence for all samples especially between the 

results ofthe ETA-LEAFS and the FIAS system. Only in case ofthe NAA system some larger 

di百erencesappeared for two sheep samples. 

Conclusions 

This paper deals with the high sensitivity detection of the trace elements selenium in aqueous 

solutions as well as in samples of human whole blood. As analytical method we use the Laser 

Excited Atomic Fluorescence Spectrometry in combination with Electrothermal Atomization 

within a graphite fumace atomizer (ET A-LEAFS). It has been demonstrated that the intro-

duction of a laser system for excitation of atomic transitions even in the VUV spectral region 

yields some fundamental improvements. 

First of all ET A-LEAFS offers an extreme high sensitivity which leads to 100 or 1000 times 10-

wer detection limits in comparison with conventional methods. 
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Table 1: Comparison of results obtained with different analytical methods 

Sample 

Seronorm 
frozen human blood 

#1 
#2 
#3 
#4 
#5 
#6 
#7 

fresh human blood 
#1 
#2 
#3 
#4 
#5 
#6 
#7 

sheep blood 
#A 
#B 
#C 
#D 

ETA-LEAFS 
92 ± 5 

74 ± 6 
94 ± 3 
92 ± 6 

167 ± 11 
115±5 
121 ± 5 
190 ± 6 

92 ± 3 
78 ± 5 

111 ± 3 
100 ± 3 
103 ± 8 
168 ± 6 
109 ± 3 

105 ± 3 
258 ± 5 
334 ± 5 
300 ± 4 

NAA 
88 ± 4 

64 ± 11 
92 ± 11 
86 ± 11 
159 ± 12 
130 ± 11 
105 ± 10 
173 ± 11 

89 ± 6 
85 ± 5 
102 ± 5 
111 ± 6 
115 ± 5 
181 ± 6 
113 ± 5 

96 ± 5 
352 ± 6 
341 ± 5 
356 ± 6 

FIAS 
95 ± 10 

98 ± 4 
288 ± 16 
331 ± 13 
321 ± 14 

From measurements on aqueous solutions a detection limit of 1.5 ng/1 for selenium was ob
tained. With a sample volume of 10 ul this corresponds to an absolute detected mass of 15 fg. 
Because of the large linear dynamic range over 6 orders of magnitude samples with widely 
different element concentrations can be analysed. The system yields good precision and 
recovery. The high output puis energy provided by the pulsed laser system enables a saturation 
of the element fluorescence which leads to a reduced influence of puis fluctuations and implies 
lower detection limits. Because of the double selectivity of the method only an easy sample pre
paration even in case of whole blood samples is necessary and no supplementary compensation 
is required. 

In regard to the sensitivity of the system the average element concentrations within human 
whole blood samples were quite high and represented no extreme analytical challenge. But this 
offered the possibility for comparative measurements with other methods, for example AAS or 
NAA. Because of the complex sample matrix these methods frequently have some problems 
with background signals and residues of the sample. At this, the high sensitivity of our system 
enables a dilution of the samples which implies an almost complete elimination of these pro
blems. In spite of the lower element concentrations resulting from this, we obtain with our 
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Table 1: Comparison of resuJts obtained with different analytical methods 

Samplc ETA-LEAFS NAA FIAS 

Seronorm 92土5 88 I 4 95土 10
frozcn l1uman bl00d 

#1 74土6 64土 11
#2 94土3 92土 11
#3 92土6 86土 II
#4 167土 11 159土 12
#5 115土5 130土 11
#6 121土5 105土 10
#7 190土6 173土 11

fTcsh human blood 
# 1 92土3 89土6
#2 78土5 85土5
#3 111土3 102土5
#4 100土3 111土6
#5 103土8 115土5
#6 168 :t6 181土6
#7 109土3 113土5

sheep blood 
#A 105土3 96土5 98土4
#B 258土5 352土6 288土 16
#C 334土5 341土5 331土 13
#D 300土4 356土6 321土 14

From measurements on aqueous solutions a detection Iimit of 1.5 ng/I for selenium was ob-

tained. With a sample volume of 10μ1 this corresponds to an absolute detected mass of 15危.

Because of the large linear dynamic range over 6 orders of magnitude samples with widely 

di百erentelement concentrations can be analysed. The system yields good precision and 

recovery. The high output puls energy provided by the pulsed laser system enables a saturation 

of the element fluorescence which leads to a reduced influence of puls fluctuations and implies 

lower detection limits. Because of the double selectivity of the method only an easy s剖nplepre-

paration even in case of whole blood samples is necessary and no supplementary compensation 

is required. 

1n regard to the sensitivity of the system the average element concentrations within human 

whole blood samples were quite high and represented no extreme analytical challenge. But this 

offered the possibi1ity for comparative measurements with other methods， for example AAS or 

NAA. Because of the complex sample matrix these methods合equentlyhave some problems 

with background signals and residues of the sample. At this， the high sensitivity of our system 

enables a dilution of the samples which implies an almost complete elimination of these pro-

blems. ln spite of the lower element concentrations resulting企omthis， we obtain with our 
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system comparable or better results with regard to accuracy and precision than conventional 

methods. 
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