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ABSTRACT 

Femtogram quantities of trace elements in biological materials have been 

measured using an x-ray microprobe. The microprobe uses a pair of concave 

spherical mirrors which were coated with tungsten-carbon multilayers. Arrang-

ed in the Kirkpatrick-Baez geometry, the mirrors produce a focused and quasi-

monochromated beam from the synchrotron white radiation beam. The beam spot 

size is less than 10 x 10 J..lffi and the monochromated beam has a bandpass of 

1 ~eV at 10 keV. Minimum detectable limits achieved varied from 3 to 70 fern-

tograms for the elements Zn (Z = 30) to K (Z = 19). 

INTRODUCTION 

The development of intense synchrotron radiation beams has led to signifi-

cant interest in their application for the measurement of trace element con-

centrations of very small specimens by x-ray fluorescence. Sparks (1) 

reported the use of a x-ray fluorescence microprobe using synchrotron radia-

tion for the analysis of giant-halo monazite inclusions crystals in the search 

for superheavy primordia 1 elements. A curved mosaic graphite c rysta 1 was 

employed to both focus and monochromatize the synchrotron radiation beam. 
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Photons of energy 37 keV with a full width at half maximum (FWHM) of 0.4 keV 

were used. A flux of 15 x 1010 photons/(s mm2) was realized. The actual 

beam spot size was 0.64 mm2. 

Since 1981 a number of papers have been published regarding the use of 

x-ray microprobes (2-5). In most cases, the synchroton white radiation beam 

has been collimated using vertical and horizontal slits or doubly curved 

crystals have been used to focus the radiation. Typical usable beam spot 

sizes attained are on the order of 700 - 2500 lJm2. More recent 1 y I ida and 

Gohshi (6) have demonstrated the use of a reflection/transmission mirror 

combination to focus and monochromatize synchrotron radiation. Using an 

irradiation area of 2 3500 lJm • 

adsorbed on chelate resin beads. 

a MDL of 0.03 pg was ascertained for Zn 

In this paper, we describe the application of an x-ray microprobe for the 

measurement of femtogram quantities of trace elements. The instrument has 

been used to determine the spatial distribution of trace elements using count 

intervals of 60s or less per 10 x 10 l-Im pixel. Calibration of the micro-

probe was accomplished using National Bureau of Standards thin glass film 

Standard Reference Materials. A variety of specimens have been scanned to 

demonstrate the applications that are possible with this probe. 

EXPERIMENTAL METHOD 

The experiments were carried out at the Brookhaven National Synchrotron 

Light Source (NSLS). White radiation from the X-26C x-ray microprobe beam 

1 i ne was used as the primary source for the measurements undertaken. The 

useful area of the white radiation incident beam was set to a 0.5 x 0.5 mm 

cross section using horizontal and vertical slits. The slits were locatec1 at 

approximately 20 m from the electron beam. The beam flux utilized was 
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monitored by an ionization chamber that was positioned after the slits and in 

front of the x-ray microprobe. The microprobe that was employed to serve as a 

wide bandpass monochromator and focus the x-ray beam is illustrated in Fig. l. 

The principal components of the instrument are a pair of concave spherical 

mirrors coated with tungsten-carbon multilayers. The mirrors are arranged in 

the Kirkpatrick-Baez geometry. The focusing elements were 11 super-polished 11 

quartz mirrors with a 6 m concave spherical radius of curvature. Using a dual 

source sputtering system, each mirror was coated with tungsten-carbon multi-

layer pairs. The mirror nearest the synchrotron radiation source was coated 

with 200 multilayer pairs. The second mirror was coated with 100 multilayer 

pairs. The 2d spacings of the tungsten-carbon multi layer-coated mirrors were 

58 1t and 87 1t, respectively. The above thicknesses for the multilayer pairs 

were designed to allow 10 keV radiation to be efficiently reflected when the 

mirrors were properly aligned. The bandpass of the mirrors was 1 keV and the 

focused beam spot was less than 10 x 10 lJffi. A more detailed description of 

the x-ray microprobe has been reported elsewhere (7). 

Specimens to be scanned were mounted in holders that positioned the speci-

men at an angle of 45° relative to the incident focused synchrotron radiation 

beam. A scanning stage allowed the specimen to be translated with respect to 

the beam spot with step sizes as small as 1 llm in both horizontal and verti

cal directions. A 5 mm thick, 30 mm2 Si(Li) detector was aligned so that it 

was at the beam height and at 90° to the path of the incident radiation. A 

pair of 6.25 mm diameter molybdenum collimators shielded the periphery of the 

detector. An effective solid angle of Q/4~ = 1.8 x 10-3 was viewed by 

the detector. The synchrotron was operated at 2. 5 GeV with a maximum stored 

electron current of 150 rnA. A maximum incident flux of 3 x 109 /s was calcu-

lated for 10 keV photons in the focused beam spot. 
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The alignment and focusing of the mirrors and the positioning of the beam 

spot was achieved as follows. An optical microscope, coupled to a television 

camera, was used to monitor the optical fluorescence from a thin ruby crystal 

as the angle and position of the two x-ray mirrors was changed. Simultaneous

ly, the energy and the intensity of the scattered radiation from the focused 

beam was measured using the Si(Li) detector. Final microprobe alignment was 

realized when the optical fluorescence was from a minimum spot size, while the 

incoherent scattered radiation was of energy, 9.8 keV, and of maximum 

intensity. 

The optical microscope was used to aid in the initial positioning of the 

specimen. The final positioning of the specimen prior to analysis was ascer

tained by scanning across distinctive features of the specimen while observing 

the counting rate and spectral input information being processed by the Si(Li) 

detector. For all determinations, the white radiation flux utilized during a 

preset live time count interval for each pixel was measured by integrating the 

output of the incident ionization chamber. 

SYSTEM CALIBRATION 

Two National Bureau of Standards (NBS) thin glass film Standard Reference 

Materials, SRM 1832 and 1833 were used to calibrate the system. Each standard 

consists of a glass film deposited on a polycarbonate substrate. The deposit 

was made at NBS by sputtering from a glass target using Ar ions. A fraction 

of the sputtered glass material was deposited on the polycarbonate filter 

substrate. (8). The glass film (150- 180 pg/cm2) is an amorphous layer 

0.5 - 0.6 pm thick and contains known concentrations of selected elements. 

SRM 1832 is certified for the mass loadings of Al, Si, Ca, V, Mn, Co, and Cu 
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and SRM 1833 is certified for Si, K, Ti, Fe, Zn, and Pb. For our experiments, 

the reference materials were used to calibrate for the measurement of elements 

K ( Z = 19} through Zn ( Z = 30}. X-ray absorption by the 36 mm air path 

between the specimen and the detector did not permit calibration of the system 

·.) for the determination of Al and Si. Calibration factors ascertained using 

these reference materials are shown in Fig. 2. The individual calibration 

point for each element was ascertained from measurements at twelve positions 

within a 15 x 20 mm cross section on the thin glass film. The maximum stan-

dard deviation ascertained for a single element, K, was 2.5%. The average 

standard deviation for all nine elements was 1.3%. From these results it can 

be inferred that these thin glass film Standard Reference Materials are of 

uniform mass thickness down to the measured beam spot size. The close fit of 

the points on the calibration curve also indicate that the reference materials 

are excellent standards for calibration of the x-ray microprobe. 

SPECIMEN PREPARATION 

Specimens were mounted between two pieces of 6.3 1-1m polypropylene film 

that was stretched by a lucite snap ring in a lucite holder. Measurements 

were made for a single strand of blue green algae cells, freeze-dried thin 

sections of melanoma tissue from a rat, lung tissue, individual red blood 

cells, and minute liquid inclusions in laboratory-generated quartz specimen. 

In this paper, examples will be given for only the first two types of specimen. 

I. 
·'-1 

RESULTS AND DISCUSSION 

The size of the focused beam spot in both horizontal and vertical direc-

tions was determined by raster scanning a copper grid, made from 25 1-1m bars, 



- 6 -

in 2 llm steps across the beam. For these scans, the current, in an ioniza-

tion chamber that was positioned behind the specimen holder, was measured at 

each point. This permitted a two-dimensional scan to be obtained quickly. 

The semiconductor detector could not be used to determine the size of the beam 

spot due to the very high detector input rate of Cu x-rays from the grid bars. 

To establish the minimum detectable limits of the microprobe, x-ray spec-

tral backgrounds were acquired for scattering from air plus two pieces of 

6.3 llm polypropylene film. Based on the integrals over the peak locations, 

Table I lists the theoretical (3o) detection limits ascertained for 60 s 

live time count intervals at a beam current of 150 rnA. These very high sen-

sitivity detection limits achieved are applicable for the measurement of trace 

elements in a thin specimen such as a few biological cells. For biological 

tissue thin sections of mass thickness 1 mg/cm2, the minimum detectable 

limits for these same elements vary between 1 and 40 ppm. For these latter 

specimens, the intensity of the scattered excitation radiation may be used as 

a measure of the specimen mass in the beam spot (9) and therefore provide 

information necessary to determine the concentrations of the elements measured. 

As an illustration of the sensitivity of this instrument, a single strand 

of blue green algae cells was scanned lengthwise in 10 llm steps using count 

intervals of 30 s per pixel. The size of the individual cells was 3 to 

4 lJm. Thus, typically three to four cells were in the beam path for each 

pixel. Figure 3 is a spectrum obtained for one pixel. The elemental quanti-

ties listed are in pg. The spectrum clearly shows Mn and Ni at 30 and 

20 fg/100 llm2 level, respectively. The results of an 11-pixel scan along 

the center of the cell strand are summarized in Fig. 4. 

As another ex amp 1 e of the potentia 1 of this probe, a thin section of 

melanoma rat tissue was examined in ten different regions of interest using 
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count intervals of 60 s per pixel. The results determined are shown in 

Fig. 5. The actual masses of the tissue section in the beam path varied from 

0.3 to 1 .6 ng/100 ~m2 The scattered excitation radiation intensity was 

used as a measure of the mass of the tissue section in the beam path. The 

intensity of the scattered excitation radiation intensity from two layers of 

polypropylene film (mass 1.17 ng/100 ~m2 ) with the contribution of air 

scattering removed, served as a calibration to estimate specimen mass in the 

beam path. 

These initial results clearly demonstrate the high sensitivity and spatial 

imaging capability of the x-ray microprobe to measure femtogram quantities of 

specific elements within a 10 x 10 ~m beam spot. Additionally, trace ele-

ment determinations at the ppm concentration level are feasible for thin 

sections of biological tissues. Plans are currently being made to fabricate 

improved mirrors which would give a focused beam spot of a few square microns 

without any significant loss in x-ray flux. With these mirrors, concentra-

tions of many trace metals in individual biological cells could be ascertain-

ed. Such an instrument would be a powerful analytical tool for a variety of 

research programs. Furthermore, since the specimens are not under vacuum, the 

x-ray microprobe can accommodate specimens that cannot be studied with an 

electron microprobe. 
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TABLE I. Minimum Detectable Limits at NSLS 

fg/{10 X 10 llm) 

K 70 

Ca 20 
0 

Ti 8 

Mn 3 

Fe 3 

Ni 2 

Cu 3 

Zn 3 

1.; 
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FIGURE CAPTIONS 

Fig. 1. Schematic of the x-ray microprobe. The pair of concave spherical 
mirrors are coated with tungsten-carbon multilayers. 

Fig. 2. Calibration curve established using NBS thin glass film Standard 
Reference Materials, SRM 1832 and 1833. 

Fig. 3. Spectrum obtained in 30 s for a 10 x 10 \Jm pixel of a single strand 
of b 1 ue green a 1 gae ce 11 s. The e 1 ement quantities 1 i sted above the 
spectral x-ray lines are in pg. 

Fig. 4. Summary of results ascertained from a scan lengthwise, in 10 \Jm 
steps, along the center of a strand of blue green algae cells. 

Fig. 5. Results determined for ten pixels of a thin section of melanoma rat 
tissue. 
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