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1 . I N T R O D U C T I O N

1.a SYMBOL TABLE FOR CHAPTER 1

Symbols

dimension in S.

A atomic mass

B Avogadro's number (6.02 1023)

D electron dose

E electron energy, usually expressed in keV

G composition dependent factor

I intensity of detected X-rays, counts per second

J electron beam current

K image contrast

N number of atoms per unit area

Q cross section for atom ionization

T efficiency of X-ray detection

V X-ray energy, usually expressed in keV

dV X-ray energy interval width, usually expressed in keV

Z atomic number

a exponential parameter

b,k,p,q,r,u relational constants (various dimensions)

mf mass fraction of an element

mt mass thickness (= mass per unit area)

s cross section for electron scattering

per unit mass of the scattersr

t thickness

p ratio of electron velocity to the speed of light

A standard deviation of the parameter considered

p density

a atomic cross section for electron scattering

id fluorescence yield

units

I kg/mo 11

[1/mo 11

(Cl

IJ]

Imol/kg]

(1/s)

1A1

M/m 2)

lm2]

Ul

[J]

[kg/m2]

!m2/kgl

[ml

[kg/m3!

Im2)

I ndices

co continuum X-ray radiation

i,x (of) element with atomic number i,x

o original, i.e., before an interaction

s scattered (pertaining to electrons)

sp specimen

st standard



unscattered (pertaining to electrons)

Abbrevi ations

AAS atomic absorption spectrometry

BSE back scattered electrons

C-N X-ray continuum normalization

DQE detection quantum efficiency

EELS electron energy loss spectroscopy

EPXMA electron probe X-ray microanalysis

ICP-AES inductively coupled plasma - atomic emission spectroscopy

LAMMA laser microprobe mass analyzer

PIXE proton induced X-ray emission

SIMAAC simultaneous atomic absorption using continuum light

STEM scanning transmission electron microscopy

TEM (conventional) transmission electron microscopy

XRF X-ray fluorescence

cps counts per second

dpua (electron) dose per unit area

Ir lateral resolution

mdm minimum detectable mass

mdmf minimum detectable mass fraction

n/si

IC/m2I

1ml

Ikgl

Note: - means dimension less.

I.b INTRODUCTION TO ELECTRON PROBE X-RAY MlCROANALYSIS

Electron probe X-ray microanalysis (EPXMA) is a technique for elemental

analysis of solid specimens on a microscopic scale. Strictly speaking, the

name of the technique should be: electron microprobe X-ray analysis. However,

to be consistent with what appears most frequently in the literature, the

former name will be used in this chapter. In EPXMA, high-energy electrons are

used to bombard the specimens and cause ionization of specimen atoms.

Following ionization, atoms may emit electromagnetic radiation of relatively

high energy in the so-called X-ray radiation region. The energy of such an

X-ray photon is given by the difference in energy between the electron energy

levels involved in the process of ionization and X-ray emission. Each element

has its own set of X-ray emission energies (emission lines). Detection of the
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X-ray photons and arranging them according to energy, results in a graph of

X-ray intensity versus energy: an X-ray spectrum. Such a spectrum contains

information on the elements present in the investigated specimen. A full

treatment of EPXMA is considered not to be within the scope of this thesis;

the reader is referred to several handbooks for more detailed information

(Reed, 1975; Heinrich, 1981; Goldstein et al., 19811.

EPXMA is usually performed with an electron microscope, which allows both

imaging and analysis of parts of the investigated specimen at a submicroscopic

resolution. In this way, both morphological and chemical data from essentially

the same areas become available. This obviously goes beyond combining

morphological and (bio)chemical data obtained by different techniques. The

strength of EPXMA for biomedical research can be illustrated by referencing to

studies of Somlyo and coworkers. Using EPXMA with a high-resolution

transmission electron microscope, they were able to determine the calcium

contents of individual mitochondria in sections of various types of muscle

tissue ISomlyo et al., 1979, 19811. They concluded that, in normal smooth

muscle and skeletal muscle, mitochondria do not play a significant role in the

intracellular calcium regulation.

In other investigations EPXMA has been used to analyze individual dense

granules in blood platelets ICosta et al., 19771.

The so-called cryo-techniques for specimen preparation largely increase the

applicability of EPXMA in biomedical research. With these techniques, analysis

of elements that are mobile in the living state of the organism, is feasible

with subcellular resolution [see e.g., Gupta and Hall, 1981; Hall and Gupta,

19831. This feature is of great importance, e.g., for physiologists, who are

particularly interested in determining concentration gradients of e'ectrolytes

across membranes.

In view of the above-mentioned, it is not astonishing that EPXMA has already

been used in numerous biomedical studies. With further development of reliable

specimen preparation techniques and quantification procedures, the importance

of EPXMA as an analytical tool in (ultrastructural) biomedical research can

only continue to grow.
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I.c LATERAL RESOLUTION VERSUS DETECTION LIMIT

There are techniques, comparable with EPXMA, that can be used as well to

investigate the elemental content of a specimen in relation to its morphology.

These are, for example, X-ray fluorescence (XRF) and proton-induced X-ray

emission (PIXE), where either X-rays or protons are used to ionize specimen h

atoms. The use of electrons as ionizing particles is an obvious choice in ;

favour of lateral resolution; this goes at the expense of analytical

sensitivity (see below). High lateral resolution is obviously a strong point,

when it is realized that the "important properties of many materials depend on

their microscopic structure, more than on their overall composition"

[Heinrich, 19811. Specifically for biomedical research, the high lateral

resolution obtainable when using electrons allows elemental analysis of

individual subcellular compartments in tissue sections. In table 1, the

techniques mentioned above are compared in terms of lateral resolution (Ir),

minimum detectable mass (mdm) and minimum detectable mass fraction (mdmf). i

Some other techniques for elemental microanalysis have been included in

table 1 for comparison. Electron energy loss spectroscopy (EELS) is a

technique whereby one measures the energy loss that beam electrons have

suffered while traversing the specimen. Electrons that have caused an

ionization will have lost at least the particular ionization energy. A graph

of electron intensity versus energy lost, i.e., an electron energy loss

spectrum, therefore contains information on the specimen composition.

Unfortunately, the applicability of EELS is limited to very thin specimens

(thicknesses up to ca. 100 nm), since analytical performance is degraded when

plural electron scattering occurs. Laser microprobe mass analysis (LAMMA) is a

technique whereby the sample is evaporated locally by using a pulsed, focussed

laser beam. This is followed by mass spectrometric determination of either the

positively or the negatively charged ions or molecular fragments. LAMMA is

essentially a destructive technique, in contrast to the techniques mentioned

thus far. With LAMMA, the relation between analytical data and morphology is

obtained by viewing and adjusting the specimen area to be analyzed with a

light microscope, prior to the analysis.

EPXMA has also been used for the analysis of small liquid samples, with

volumes in the range of 10-1000 pi (Van Eekelen et al., 1980; Bonventre et

al., 19801. For comparison, two techniques have been included in-table 1 that

give elemental information without direct relation to specimen morphology.

Atomic absorption spectrometry (AAS) is a well established technique for the
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detection of elements in solutions. Recent developments have largely increased

the ve rsa t i l i t y of AAS by introducing SIMAAC: simultaneous multi-element

atomic absorption continuum source spectrometry IHarnly et a l . , 1979I. By

using the complete absorption pro f i le and a special data reduction technique,

a linear response was obtained over a concentration range of 4-6 orders of

magnitude IHarnly and O'Haver, 19811. Inductively coupled plasma atomic

emission spectroscopy (ICP-AES) is a technique whereby atomic electrons are

excited in a high-power, high-frequency electromagnetic f i e l d . When the

electrons return to their ground state energy levels, they emit

electromagnetic radiat ion, much of i t as v is ib le l ight that can be detected

and quantified IBarnes, 19781. Analogous to the si tuat ion with EPXMA, each

element has i t s own set of emission l ines. The ICP-AES technique also allows

multi-element determination.

EPXMA
PIXE
XRF
EELS
LAMMA

SIMAAC
ICP-AES

I r

5
3

(m)

1 0 -7
1° fi

10~6

n.a.
n.a.

mdm (kg)

i°:2s
6 10~22

i o " 2 2

2 10~
10

mdmf

;f4
6

3 io:j
10-7
10 '

i o " 9

volume (m )

2 10

1°H9
3 10

2 10"®
10"8

note

1
2
3
4
5

6
7

Table 1 . Comparison of EPXMA with several other analytical methods. Typical
values are given of lateral resolution ( I r ) , minimal detectable (elemental)
mass (mdm) and minimal detectable (elemental) mass f ract ion (mdmf) that are
obtainable simultaneously, and also the analyzed volume required for a single
analysis. The values given here serva only for crude comparison, as they can
vary considerably for d i f ferent elements. Furthermore, a given analytical
method may be optimized for one character ist ic at the cost of an other, e .g . ,
an optimal Ir at a reduced mdm.
n.~ : not applicable;
1: nai l and Gupta, 1983; (data val id for th in specimens and a semi-conductor
X-ray detector); 2: Bos et a I . , 1983; 3: Grodzins, 1983; 4: Maher and Joy,
1981; 5: Kaufmann et a l . , 1979; Unsold and Eloy, 1983; 6: Harnly et a l . ,
1984; (mdmf expressed as gram of element per ml solute, without precon-
centrat ion); 7: Barnes, 1978; Ng and Caruso, 1982; (same comment as for 6 ) .

I.d QUANTITATIVE ELECTRON PROBE X-RAY MICROANALYSIS

Electron probe X-ray microanalysis can be used as a quanti tat ive technique

because the intensity of the emitted X-rays is in pr inc ip le l inearly related
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T O the number of atoms contained in the volume analyzed: I = kx Nx, where,

for the element x, I is the intensity of the detected X-rays, kx is a

relational constant and N x is the number of atoms per unit area in the

analyzed region. Several physical parameters and instrumental conditions are

incorporated in the factor k , such as the ionization probability, the X-ray

fluorescence yield and the efficiency of X-ray detection. These parameters

need not be known if the analysis results of an unknown specimen are related

to those obtained from elemental standards, analyzed under identical operating

conditions. Elemental standards are specimens that have a known composition

and, preferably, resemble the unknown specimen as much as is practicable: in

terms of thickness, matrix composition and inorganic element concentration.

Thin specimens

For reasons of lateral resolution and ease of quantification it is

advantageous to utilize specimens of a thickness such that (a) the average

energy of the beam electrons does not decrease considerably, and that (b)

absorption of X-rays in the specimen is negligible. Such specimens are called

thin specimens. The thickness up to which specimens can be considered thin in

the sense as described here, depends on their composition, the incident

electron energy and the X-ray energy range used. Generally speaking,

biological specimens are considered thin up to ca. 1 (irn. Sometimes thicker

specimens are used, the reasons for which may be (a) the difficulty of

preparing thin specimens and/or (b) the need for lower detection limits. The

so-called bulk specimens, which are fully electron opaque, are not considered

in this thesis. High lateral resolution EPXMA of thin specimens is possible

because the beam electrons experience only a limited number of scattering

interactions. As a consequence, they are deflected - on average - only

slightly. The lateral resolution is then closely related to the diameter of

the incident electron beam.

Quantification

The quantification of the elemental contents of thin specimens is relatively

simple because (1) the ionization probability does not vary over the specimen,

since the average electron energy loss is small, (2) the absorption of X-rays

in the specimen is negligible and, therefore, secundary fluorescence also, (3)

the loss of electrons by backscatter ing can be neglected. The relation between

lx and N x can be written as:

lx = Jo N x QX(E) <ox T x (1)
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with incident electron beam current J ionization probability QV(E) (which

depends on incident electron energy E ) , fluorescence yield u and X-ray

detection efficiency Tx- From EPXMA measurements on elemental standards

containinq a known amount of element x, the value of (CL(E) <A, T„) can be

determined. Using this value, the amount of element x present in the analyzed

region of an unknown sample can be determined, provided that JQ is known or

equal to the beam current used when analyzing the standards and that the

incident electron energy is not altered.

Elemental mass fractions

EPXMA is often used to establish the mass fractions of elements present in the

analyzed volume, rather than the absolute elemental masses. Determination of

mass fractions requires that both the elemental masses and the total mass of

the analyzed volume are known. Although the total mass is simply the sum of

all elemental masses, this approach cannot be used in the analysis of

biological specimens. By their nature these specimens contain large but

variable amounts of hydrogen, carbon, nitrogen and oxygen. These low atomic

number elements can emit only low-energy characteristic X-ray radiation that

cannot be detected by conventional semiconductor X-ray detectors. Therefore,

when studying biological specimens, one has to resort to a different way of

determining the total mass. Hall and coworkers have developed the X-ray

continuum normalization method for this purpose [Marshall and Hall, 1968;

Hall, 1971; see also next section]. This method is applied widely in

biomedical EXPMA research.

As an alternative approach, the image contrast resulting from electron

scattering can be used to determine the total mass. This thesis presents

results of investigations performed to evaluate this alternative approach for

quantitative EPXMA of thin biological specimens. The method developed is

independent of the collection of X-rays, and is shown to be much more

efficient than the X-ray continuum normalization method. As a consequence,

better precision and much more reliable mass values are obtainable (see also

section 1.f).

Very recently, a second alternative for the X-ray continuum normalization

method has been published ILeapman et al., 1984I. In this method the zero-loss

peak in an electron energy loss spectrum is used as a measure of the total

mass. This approach is in a certain way analogous to the one used in the

present study and will be briefly discussed in section 1 .h.
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I . e QUANTITATIVE EPXMA USING X-RAY CONTINUUM NORMALIZATION

1.e.1 Theory

The detected X-ray continuum intensity can be employed to determine the total

(dry) mass of the analyzed volume of a thin specimen [Hall, 1971). When this

principle is used to determine elemental mass fractions, it is called the

X-ray continuum normalization method or, in short, the C-N method. Continuum

X-rays are emitted when beam electrons are decelerated in the Coulombic field

of a specimen atom core (nucleus and inner shell electrons) IHeinrich, 19811.

This X-ray continuum is also called bremsstrahlung. Continuum X-rays differ

from characteristic X-rays only by the nature of their generation. As a

consequence, X-ray detectors are incapable to distinguish between

characteristic and continuum X-ray photons of equal energy. The relatively

high intensity of the X-ray continuum is characteristic for electron-induced

X-ray emission- The continuum is generally considered to be an unavoidable

nuisance in EPXMA, because it adversely affects elemental detection limits.

The C-N method uses this relatively intense, but otherwise useless signal.

It was shown already in 1923 that the intensity of the X-ray continuum as a

function of X-ray energy is given by eqn. (2) (after Hall, 1971):

l c o = JQ (q/E) (dV/V) [ I NjZ? 1 (2)

with X-ray continuum intensity I X-ray energy interval V to V+dV, atomic

number Zj, and a relational constant q. The summation is over ail elements i

present in the analyzed volume. For a given X-ray energy interval and incident

electron energy, eqn. (2) can be rewritten as:

'co = Jo f mt t I mf; Z?/A. 1 (3)

with relational constant r, total mass per unit area mt (mass thickness), mass

fractions mf. and atomic masses A;. The mass fraction of element x is given by

mf x = N x AX/(B mt), where B is Avogadro's number. Using eqns. (1) and (3), one

arrives at:

m fx = u (lx/lco) [ I mfi zVh\ ] (4)

where u incorporates the constants and operational parameters occurring in

eqns. (1) and (3); note that the beam current J cancels out. The summation

term in eqns. (2) through (4) indicates that I depends on the specimen

composition. In fact, all mass fractions mfj (including mfx) must be known

before mf^ can be calculated. Some convenient assumptions and simplifications

help to circumvent this problem. In practice, the measurement results from

unknown specimens are often compared with those obtained from elemental
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standards, and eqn. (5) i s used:

I u ( l v / l _ n ) G ]_„ (5)

where the the summation term has been replaced by G and the indices sp and st

refer to specimen and standard, respectively. When the composition of the

standards resembles that of the unknown specimen, G ̂ . 2 G , these factors

cancel out. So does u, assuming that specimen and standards are measured under

identical operational conditions. One must, of course, use the same X-ray

energy interval to collect I , for both specimen and standards. For these

cases eqn. (5) can be rewritten as:

mfx,sP =
 mfx,st "x/'co'sp / «'x'Wst ( 5 a )

With eqn. (5a) and a su i tab le set of elemental standards, one can conveniently

determine elemental mass f ract ions in more-or-less unknown specimens (since

the approximate composition must be known). The precision of the C-N method

has been estimated t o be about 10 t o 20 % [Ha l l , 1971; Janossy and Neumann,

19761 1.

1.e.2 Practical implications of the X-ray continuum normalization method

The C-N method, used irf quantitative EPXMA to determine elemental mass

fractions of parts of thin specimens, has several attractive properties. It

also has enough limitations to encourage the development of an alternative

procedure for total mass determination. Below, the positive and negative

features of the use of the C-N method are given.

Positive features of the C-N method

- The method is very straightforward, as long as no high accuracy and

precision are required.

- The C-N method can be utilized for the analysis of relatively thick

specimens. Depending on the incident electron energy and the X-ray energies

considered (both characteristic and continuum), thicknesses up to even 10 u.m

are allowed for biological specimens [Hall, 19711.

- The method is beam current independent, since the ratio of characteristic to

continuum X-ray intensity is considered. Both intensities depend linearly on

JQ, but they are recorded in essentially the same time interval.

- Because lco is linearly related to the mass thickness, the C-N method can be

used both for integrating (small scanning spot) and for integral analyses
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(large stationary spot).

- No additional instrumentation is required next to the practically standard Ji

semiconductor X-ray detector and multichannel analyzer. J-,

Negative features of the C-N method

Listed below are the most serious limitations of the C-N method. They are ;'_

discussed here in more detail than the positive properties, because they ]

indicate where the C-N method may fail or give a poor accuracy. The following

aspects are considered: (a) poor efficiency of the method, (b) presence of

extraneous X-ray continuum, (c) composition dependence of the method and (d)

anisotropy of the X-ray continuum emission.

a. Poor efficiency of the C-N method

The efficiency of a method can be defined as the fraction of the total

available information that is effectively used. In view of the comparison with

electron scattering based methods to be made later and with respect to ;

beam-induced radiation damage, it is more realistic to define efficiency here

as the reciprocal of the number of electrons incident on the specimen required

to obtain a single continuum X-ray photon useful for mass determination. The

intensity of the X-ray continuum emitted by a thin, homogeneous specimen

(thickness t, density p) can be calculated with eqn. (6), taken from Reed

[1975, p. 3281:

l c o = 420 (Z p t Jo dV) / (Eo V) (6)

with incident electron energy E Q and continuum X-ray energy interval V to

V+dV. In eqn. (6), E Q, V and dV are to be expressed in eV, p in g/cnr5, t in cm

and JQ in electrons per second (e/s). Eqn. (6) is a simplified equation; for

example, it suggests a linear relationship between I and Z. Nevertheless, it

suits well for the purpose of calculating the approximate specimen load.

Consider a specimen, consisting of carbon atoms only CZ=6), with t = 1 urn and

P = 1 g/cnr, analyzed under the operational conditions of E o = 80 keV and

Jo = 1 e/s (a very low dose rate analysis, indeed). Suppose that I is

collected in the energy interval from 15 to 20 keV, as proposed by Marshall

and Hall (19681, so that dV = 5 keV, whereas V is best taken as 17.5 keV

(actually, dV must be small compared to V). Calculation now yields that

'co = 9 10" x" r ay pho+ons or counts per second (cps). This implies that

1.1 10 e/s (ca. 0.2 pA) are required tc generate one continuum X-ray photon

per second in the energy interval chosen.

18



It should be realized that by far not all generated X-rays are detected. With

the best practical geometry (30 mrrr active area at 1 5 mm distance from the

specimen) a semiconductor detector subtends a collection angle about equal to

0.13 sr, so that ca. 1 % of the emitted radiation is detected. Thus,

1.1 10^ electrons are required to detect a single continuum X-ray photon in

the energy interval selected, giving an efficiency, as defined above, of

9 10"9.

To achieve a fair statistical precision for the mass determination, say 3 %,

at least 1000 continuum counts need to be recorded (Poisson statistics apply

to X-ray analysis, so that the coefficient of variation is approximately equal

to 1//T, where I is the average number of continuum X-ray photons involved

IHeinrich, 1981]). Assuming complete absence of extraneous X-ray radiation,

1.1 10'' electrons are required, aproximately equal to 18 nC. When an area of

1 u,m̂  is analyzed, this results in an electron dose per unit area equal to

18 WC/rn^, or 1.1 10^ e/nm^. This is quite a high dose. But what if an area of

0.01 U.H) of a 0.1 u.m thick specimen must be analyzed? The electron dose per

unit area (dpua) must now be increased by a factor of 1000, i.e., to 18 MC/m^,

which is equal to 1.1 10^ e/nm^.

A remark must be made with respect to the X-ray continuum energy interval

chosen. The energy interval to collect I was taken identical to that used by

Marshall and Hall 119681. There is still a debate as to which interval is most

suited for continuum collection. Shuman et al. I1976I used the interval from

1.34 to 1.64 keV, which gives about 30 % less continuum X-ray intensity then

in the 15 to 20 keV interval, under the condition that the incident electron

energy well exceeds 20 keV. It has been suggested to select an interval in as

low an energy range as is possible, e.g., between 1 and 3 keV, because the

continuum X-ray intensity is high for low X-ray energies (Barbi, 19791.

However, as many biologically important elements such as Na, Mg, P, S and Cl,

have X-ray emission lines in this energy region, a peak-free region of

reasonable width will usually not be easy to find.

b. Extraneous X-ray continuum

Extraneous X-ray radiation is almost unavoidably present in an X-ray spectrum.

This radiation, both characteristic and continuum, is emitted by objects in

the vicinity of the specimen, when hit by stray electrons or X-rays. Such

objects are, for example, the remainder of the specimen, the support film, the

specimen support, the specimen holder and the lens pole pieces. A collimator
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in front of the X-ray detector prevents most of these extraneous X-rays from

entering the detector. Characteristic extraneous X-ray radiation does not

matter, as long as it does not interfere with the analysis of the elements

studied. It is the extraneous X-ray continuum which adversely affects the

quantification: the increased continuum intensity reduces the

peak-to-continuum ratios, resulting in worsened detection limits. Moreover,

the relation between X-ray continuum intensity and specimen mass thickness as

given in eqns. (2) and (3), no longer holds. It is obvious that the intensity

of the extraneous X-ray continuum must be reduced as far as possible by taking

proper measures Isee e.g., Goldstein and Williams, 19781. Unfortunately,

complete elimination of the extranous X-ray continuum is impossible, so that

correction of the recorded X-ray continuum intensity for the extraneous

contribution is necessary. Nicholson et al. 119821 have developed a procedure

for full correction of the recorded continuum intensity, at the expense of an

increased extraneous X-ray intensity. Their procedure is based on the

assumption of a constant ratio of the extraneous characteristic X-ray

intensity and the extraneous X-ray continuum intensity. The total X-ray

continuum, detected in the predefined energy region, can be corrected for the

contributions from extraneous sources, determined from their corresponding

X-ray peaks. This approach has the disadvantage that all objects contributing

to the extraneous continuum intensity must be made of materials that give rise

to detectable X-ray emission. As a consequence, truly low atomic number

materials cannot be used for the construction of these objects and thus, the

X-ray continuum intensity is higher than is strictly necessary. The accuracy

and precision of the mass values, determined using the C-N method with

correction for extraneous X-ray continuum, depend not only on counting

statistics but also on the accuracy and precision with which the

characteristic extraneous X-ray peaks are determined, the accuracy with which

the ratios between extraneous X-ray peaks and extraneous X-ray continuum have

been established and the relative magnitude of the extraneous X-ray continuum.

c. Composition dependence of the C-N method

Equations (2) and (3) show that the X-ray continuum intensity depends on the

composition of the analyzed object. This dependence causes inaccuracy in the

results when it is not properly accounted for. If the compositions of the

specimen and the elemental standards are nearly equal, the G-factors will

cancel out. In practice, however, the composition even within one specimen may

vary considerably. The X-ray spectrum contains information that can be used to
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calculate the appropriate G-factor: the characteristic X-ray peaks. Such a

correction of the X-ray continuum intensity for specimen composition is

relatively time consuming. A M elements present in the specimen must be

quantified, after which the G-factor is calculated iteratively [Dow et a I.,

19811.

Biological specimens contain by their nature large amounts of H, C, N and 0.

These elements do not emit characteristic X-rays that are detectable by a

conventional semiconductor detector. The composition of these specimens, as

far as these 'matrix' elements are concerned, can therefore not be determined

with such a detector. Hall 11979) proposed the use of an assumed average

composition for the matrix of biological specimens and, if necessary, correct

the calculated G-factor for the variable presence of heavier elements. The

G-factors for the matrices of hydrated and dehydrated biological specimens are

about 3.7 and 3.3 mol/g, respectively.

The composition dependence of the C-N method only affects the accuracy of the

mass determination, not its precision. Systematic errors are introduced when

incorrect G-factors are used, and may readily amount to 10 % or more IShuman

et al., 19761.

d. Anisotropy of X-ray continuum emission

The emission of characteristic X-rays by thin specimens is isotropic, but the

emission of continuum X-rays is not: the latter is strongly peaked in the

direction of the incident electron beam (Zaluzec, 19781. The anisotropy of the

continuum X-ray emission can be used to advantage: an X-ray detector may be

placed at a high take-off angle, e.g., 3 it/4 rad with respect to the direction

of the incident electron beam (Zaluzec, 19781. The continuum X-ray intensity

will then be low and, hence, the peak-to-continuum ratios will be increased,

with correspondingly favourable detection limits. The problem of the low

continuum X-ray intensity - as far as the C-N method is involved - can be

dealt with by placing a second X-ray detector, dedicated to continuum X-ray

recording, at a favourably low angle with respect to the direction of the

incident electron beam. As it is not common practice to have more than one

semiconductor X-ray detector on one electron microscope, one must compromise

between high peak to continuum ratios and high detected continuum X-ray

intensity.

A second consequence of the anisotropy is that the (azimuthal) angular
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distribution of the continuum X-ray intensity may vary with specimen

thickness. This can be expected since the angular distribution of the

scattered electrons will broaden for specimens where multiple electron

scattering becomes significant. The effect would cause the fraction of

detected continuum X-rays to vary with specimen thickness. It seems

reasonable, however, to neglect this problem for the analysis of thin

specimens when the X-ray detector is placed at a relatively large angle with

respect to the direction of the incident electron beam (see also Hall, 1979).

1.e.3 Conclusions

The C-N method is, in principle, an elegant method for use in EPXMA to

determine elemental mass fractions. The method has some severe limitations,

the most important of which is its very low efficiency. Therefore, the C-N

method imposes a high electron dose per unit area (dpua) onto the specimen.

Biological specimens are very sensitive to electron irradiation [see e.g.,

Stenn and Bahr, 19701. Especially mass from the organic matrix will be lost

rapidly with the high doses required for the C-N method and in particular when

small areas are analyzed. For example, viruses loose about 10 % of their mass

at dpua values of 1000 e/nm , whereas at a dpua value of 10 e/nm , 50 % or

more of the original mass is lost [Engel, 19821. Beause the dpua value at

which mass loss becomes noticeable, depends considerably on the type of

specimen studied, a general 'critical' dose per unit area which should not be

exceeded, cannot be given [Cosslett, 19781. However, a relatively safe dpua

for 80 keV electrons at ambient temperature is 100 e/nm2 [from Engel, 19821.

This limit implies that the total mass cannot be determined without

significant mass loss from areas smaller than 110 \inr of a 1 |im thick specimen

(details as described under a. in this paragraph). Mass loss can be reduced to

some extent by using low temperature specimen stages [Cosslett, 19781. For

sucrose, the dpua at which 10 % mass loss occurs, increases from 70 to

810 C/m (corresponding to ca. 420 and 4860 e/nm , respectively) when the

temperature is decreased from 298 to 163 K IShuman et a I., 19761. An increase

of the critical dpua from 100 to 500 e/nm^ has been reported for tobacco

mosaic virus by reducing specimen temperature from ambient to 50 K [Freeman

and Leonard, 19811. A further decrease Oi the specimen temperature may be

expected to give a further increase of the critical dpua. However, for the

enzyme glutamine dehydrogenase, the critical dpua was found to decrease with

decreasing temperature [Freeman et a I., 19801. So, although for many

biological specimens the radiation sensitivity will be reduced at low
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'!J temperatures, it is expected that problems of mass loss will remain for the

measurement of mass in small areas of thin specimens by the C-N method I see

e.g., Cosslett, 19781.

j

The non-matrix elements of biological specimens appear to be less susceptible

to radiation induced volatilization than elements of the organic matrix,

perhaps with the exception of chlorine [Morgan andDavies, 19821. If the total

mass (thickness) could be measured accurately using a low electron dose per

I unit area, the loss of organic matrix elements could even be used to advantage

to improve the detection limits for the remaining elements. The mass

determination methods that are based on electron scattering generally do

•1 require dpue values that are several orders of magnitude lower than those
1 needed for the C-N method. Mass determination by electron scattering based

methods, described in the next paragraph, is not hampered by the problem of

the extraneous X-ray continuum. As the X-ray continuum is no longer used, one

may optimize the instrumentation and geometry for high peak-to-continuum

••} ratios and improved detection limits.

I

"j 1.f ELECTRON SCATTERING BASED MASS DETERMINATION FOR EPXMA
--I

Mass determination of thin specimens based on electron scattering was

i performed long before the C-N method was developed. Marton and Schiff 119411

introduced the principle of determining specimen thickness from the scattered

electron fraction. Measurements were performed on micrographs taken with a

,; transmission electron microscope (I'EM) in the bright-field mode. Routine
i

procedures for dry mass determination of isolated biological objects were

developed, with which masses ranging from 10 to 10 gram were measurable

[Hall, 1955; Burge and Silvester, 1960; Zeitler and Bahr, 1962; Bahr and

Zeitler, 19651. Srakenhoff et al. 119721 extended the mass range down to

2 10"'" gram by using micrographs of dark-field imeges. Soon after the

development of the scanning transmission electron microscope (STEM) (Crewe,

19701, it became possible to measure electron intensiiies while viewing the

specimen. Using dark-field STEM, the mass detection limit could be decreased

to the level of single (heavy) atoms (Retsky, 19741. In the dark-field mode,

STEM is superior to TEM because it has a higher detection efficiency ILamvik

and Langmore, 19771. Therefore, the dark-field mode is especially useful for

very low mass thicknesses.
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TEM, in the bright-field mode, is very suited for mass determination for

EPXMA. It gives a high detection efficiency and covers a large mass thickness

range, up to 0.5 - 1 g/m IZeitler and Bahr, 1965; Crewe and Groves, 19741. In

addition, in mass determination based on bright-field TEM, dependence on

specimen composition, such as with the C-N method, is virtually absent under

certain conditions (see below). For these reasons we have developed a method

for dry mass determination of thin isolated biological objects, based on

scanning microdensitometry of TEM micrographs taken in the bright-field mode

ILinders et al., 1982a, 1983; this thesis, chapters 2 and 31. This method was

subsequently incorporated in a procedure for quantitative EPXMA of thin

specimens Hinders et al., 1981, 1982b, 1984a, 1984b; this thesis,

chapters 4 - 6).

For mass thickness measurements of specimens that are too thick for the

transmission method, but that are still thin in the EPXMA sense (see

section 1.e), one may use either electrons that have been scattered over

large angles or backscattered electrons (Reimer and Hagemann, 1977; Niedrig,

1978al. We have started the development of a method for quantitative EPXMA of

thin specimens that uses backscattered electrons for mass determination

ILinders and Hagemann, 1983; this thesis, chapter 7; see also paragraph 1.gl.

The recently developed mass determination method of Leapman et al., 119841 is

based on electron scattering as well. However, these authors considered

inelastic electron scattering only. Their method is briefly discussed in

section 1 .h.

1.f.1 Theory of bright-field TEM based mass determination

When beam electrons pass close to an atom, they may be scattered. Electron

scattering events are classified as either elastical or inelastical events.

Elastic scattering is governed by the interaction between incident electrons

and the atomic core. Elastic scattering involves momentum change without

transfer of kinetic energy: only the direction of propagation of the electron

is altered. Inelastic scattering is primarily the result of interaction of

beam electrons with atomic electrons. The incident electron suffers loss of

kinetic energy and is deflected slightly. Both scattering processes have

different probabilities of occurrence and give rise to different angular

distributions. The median angle, indicating the angle up to which 50 % of the
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scattered electrons are deflected, is for the inelastically scattered

electrons normally a few mi I Iiradians. For elastically scattered electrons,

the median angle is of the order of tens of mi I Iiradians (Burge and Smith,

19621. Because the angular aperture, determined by the objective iens

diaphragm, of a TEM in the bright-field mode usually subtends an half-angle

between 3 and 10 mrad, almost all inelastically scattered electrons will go

through the objective lens diaphragm. Consequently, elastic scattering is the

predominant mechanism underlying image contrast formation in TEM.

When an electron beam of intensity JQ is incident on a thin specimen with Nj

atoms of element i per unit area, the scattered electron intensity can be

described as:

J s
= J o N i ° i (7)

where a. is the atomic cross section for the scattering of electrons outside

the angular aperture. Electrons that have been scattered within the angular

aperture are considered to be effectively unscattered. Because in amorphous

specimens scattering takes place independently of other 'scattering units'

(atoms), the cross sections are additive [Lamvik and Langmore, 19771. Now, for

a multi-element specimen:

Js = Jo I N, <Jj (7a)

Eqns. (7) and (7a) only hold for specimens for which £ N; a-x « 1 . The value

of \ Nj dj represents the average number of scattering events per incident

electron. For not-so-very-thin specimens, it follows from Poisson statistics

that the intensity of the unscattered electron beam is given by:

Ju = Jo exp I - I N, o, 1 (8)

or, by .aking logarithms and a little rewriting:

In ( Jo/Ju ) = I I (N; A./B) (B Tj/A,) 1 (8a)

Under certain conditions, discussed below, the term (B CT;/Aj) is found to be

virtually independent of the atomic number of the scattering element i.

Consequently, this term can be replaced by a constant s, to be considered as

the cross section for electron scattering per unit mass of the scatterer. Now:

In ( Jo/Ju ) = s I (N; Aj/B) (8b)

The summation term in eqn. (8b) represents the local mass thickness mt. Once

having determined s for the operating conditions used, mt can be calculated

after measuring JQ and Ju:

mt = ( 1/s ) In ( Jo/Ju ) (9)

Total masses of individual objects are determined by integration of the mass

thickness over the area considered.
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The value of s can be calculated from theory. Langmore et al. I1973) derived

an expression to approximate the atomic cross sections (in nm ) for total

elastic scattering:

a = 1.5 10~6 (Z1"5 / p 2) (1 - Z/600B) (10)

B being the ratio of the electron velocity to the speed of light; B = 0.5 for

80 keV electrons. The cross sections calculated with eqn. (10) are useful only

with a "perfect aperture" (infinitely small hole) ILamvik and Crewe, 19751, so

that all scattered electrons are intercepted. In the practice of bright-field

TEM, part of the elastically scattered electrons are scattered within the

angular aperture; also some inelastically scattered electrons will be

scattered outside the angular aperture. In STEM normally larger angular

apertures are used than in TEM (Crewe and Groves, 1974; Col lie* and Mory,

19841. STEM users therefore often introduce an efficiency factor to compensate

for the fraction of the elastically scattered electrons that is not detected

(Lamvik and Langmore, 1977; Engel, 19821. Such an approach is too much a

simplification for TEM users. They work with small angular apertures, where

the variation of the angular distribution of the electron scattering with

element causes a relatively large variation in the detected fraction of the

scattered electrons. Consequently, it is a laborious task to compute accurate

effective atomic cross sections for electron scattering for TEM. From a

practical point of view, it is much easier (and probably much more accurate)

to determine empirically the effective scattering cross sections for various

elements under different operating conditions (see also Engel, 19781,

1.f.2 Composition dependence of bright-field TEM based mass determination

Reimer (19611 determined the image contrast in bright-fieid TEM as a function

of the atomic number of the scattering element (ranging from beryllium, Z=4,

to uranium, Z=92), of the accelerating voltage (40 - 100 kV) and of the

angular aperture (3.7 - 18.5 mrad). The image contrast K was defined as

K = log( JQ/JU ) f with Ju the intensity of the effectively unscattered

electron beam. Reimer concluded from his results that the influence of the

scattering element on the image contrast can be approximated by:

K = b N, Zf = b N, Aj Zf / Aj (11)

The factor b depends strongly on the angular aperture and accelerating voltage

selected. The exponent a, however, was found to vary only slightly with these

operating conditions. For the angular aperture subtending 3.7 mrad, a was

found to vary from 1.08 at 40 kV to 1.18 at 100 kV. Reimer pointed out that

for a = 1.1 the image contrast is linearly related to the mass thickness, and
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is independent of the composition of the specimen because, for most elements,

Aj = 0.5 Z-"1 g/mol. For a multi-element specimen under these conditions,

eqn. (11) becomes:

K = 0.5 b I N; Aj (11a)

From comparison of eqns. (8b) and (11a), it is readily seen that

s = b B / 4.5. The difference between a and the value of 1.5, occurring in

eqn. (10), is probably due to a dependence of the shape of the angular

distribution of the scattered electrons on the atomic number of the scattering

element.

1.f.3 Efficiency of bright-field TEM based mass determination

The efficiency of the O N method was defined in 1.e as the reciprocal of the

number of electrons delivered to the specimen to detect a single continuum

X-ray count in the selected energy region. With the bright-field transmission

method, also called beam attenuation method (Halloran et al-, 19781, the

electron dose required for a given precision of the mass determination

increases with specimen thickness (see below). This differs from the situation

of the C-N method. For comparison, the number of electrons required for a few

mass thicknesses will be calculated for both the bright-field TEM method and

for the C-N method.

Considering s to be constant, it can be derived from eqn. (9) that

Amt/mt = AK/K, where d represents the standard deviation for the parameter

considered. Below, electron doses D are introduced; they indicate the product

of current intensity and a (constant) integration time, e.g. exposure time in

the case of photography. Assuming that ADQ and ADU are unrelated (perfectly

constant beam current), application of error propagation rules leads to:

(AK)2 = (ADO)
2/DQ

2 + (ADU)
2/DU

2 (12)

For low electron doses, ADQ and AD will be determined mainly by statistical

fluctuations, for which (ADQ)
2 = DQ and (ADU>

2 = D , so that:

(AK)2 = (1/DO) + d/D u) = (1 + 10
K) / DQ (12a)

Now:

Amt/mt = AK/K = (1/K) 7 1 (1 + 10K) / DQ J' (13)

For a given contrast K, the relative precision of the mass determination

depends on Do. Numerical calculation has demonstrated that, for a given Do,

the relative precision Amt/mt has a minimum at K * 0.96 (unpublished

results). Thus, if for a given mass thickness the operating conditions are
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chosen such that K = 0.96, the required electro* dose for the mass measurement

is minimized. It wi I I not always be possible to reach this situation however,

as the parameters involved are usually not continuously variable. Moreover,

the range over which these parameters are allowed to vary is not very large

when the exponent a in eqn. (11) is to be kept around 1.1. For a given set of

operating conditions the optimal mass thickness can be calculated. Consider

the carbon model specimen described in section I.e. For 80 kV accelerating

voltage and 5 mrad aperture, the value of s is equal to 6 104 cm2/g tZeitler

and Bahr, 19621. From s = 0j Aj/B, N. a.f = 2.3 K and N; = o. t B/Aj, one

readily derives a- t s = 2.3 K. With the density p = 1 g/cnr (which is a

typical value for biological specimens), the optimal thickness (K = 0.96) is

equal to 368 nm; the corresponding mass thickness is 36.8 u.g/cm . To achieve a

relative precision of the mass determination of 3 %, eqn. (13) can be used to

calculate that Do must be equal to 12201 electrons. When the mass

determination concerns an area of 1 \xm of the model specimen, an electron

dpua of 1.22 10~2 e/nm2 is required for the precision indicated. The C-N

method would require ca. 3 10 e/nrrr for the same mass determination. This

results in a dose ratio for the C-N method relative to the TEM method of

2.45 107, giving a derived efficiency of 0.22 for the bright-field TEM method.

The dose ratio varies with thickness because for the C-N method the required

dose varies linearly with thickness, whereas for the bright-field TEM method

eqn. (13) holds. Under the conditions described, the TEM method requires

4.6 104 and 6.7 104 electrons for specimen thicknesses of 100 nm and 1 urn,

respectively. The corresponding values for the C-N method are 1.1 10'^ and

1.1 1011 electrons, giving dose ratios of 2.38 107 and 0.16 107 with derived

efficiencies of 0.21 and 0.014.

Note that the additional electron dose required for searching and focussing an

area of interest is not taken into account. Only with 'blind' image recording

additional dose can be avoided.

1.f.4 Practical aspects of bright-field TEM based mass determination

The very low electron dose required and the virtual absence of the composition

dependence have been described above. As is the case with the C-N method, the

application of the bright-field TEM method has also disadvantages; they are

described below.

Electron intensity measurement

Measurement of the Jlstribution of electron intensities in a TEM image is
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usually performed through photographical recording and subsequent

densitometry. Due to this detour, it takes a considerable time before results

become available. Moreover, variation introduced by the photographic and

densitometric parts of the procedure adversely influence the accuracy and

precision of the mass determination. It may also have effect on the electron

doses required. The DQE (detection quantum efficiency) gives a measure of the

"goodness" of a detection process; DQE = 1 is perfect (see also Hermann,

119841). For photographic materials the DQE is about 0.5 - 1 [FarnelI and

Flint, 1975; Hermann, 19841, so that most of the transmitted electrons are

recorded. No data on the DQE of the densitometric process are available, but

it is assumed that no large decrease of the DQE occurs there. If the total DQE

(photography plus densitometry) were 0.1, alI required electron doses would

have to be increased by a factor of ten. Even in that situation, the electron

dose required for mass measurement is reduced by a factor of about 106

compared to the C-N method, depending on specimen mass thickness.

Recently, sophisticated instrumentation has been developed for direct

recording of electron intensities in TEM with a DQE that approaches unity

(Hermann, 19841. With such a system, the photographic and densitometric steps

are avoided. Direct determination of the electron beam intensity in a TEM is

also feasible with a Faraday cage (Casley-Smith and Crocker, 1975; llyin and

Pozsgai, 19791, but this is only applicable to homogeneous specimens.

Magnification variation

One of the limitations of TEM with respect to STEM is the variation of the

magnification: lens hysteresis may cause variation of the magnification in

time, whereas lens defects cause lateral variation of the magnification

(distortion). By adopting a strict scheme for image recording, the effects of

the lens hysteresis can be minimized; distortion will always be present

however. Distortion causes the area that an object occupies in an image to

vary with its position in the image. The beam current density varies with the

square of the magnification. Since D and D are measured in the same region

(see chapter 2), their ratio will not be affected and, therefore, the correct

mass thickness is obtained. However, because the object's area appears, say,

too large, the integration will take place over too large an area, and an

overestimated mass value is found. Distortion and hysteresis effects are

virtually absent in STEM, due to the absence of imaging lenses [Wall, 19791.

This makes the STEM a powerful instrument for precise mass measurements (see

below).

A third type of magnification variation, due to different objective lens
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excitations when compensating for altered specimen height, can be counteracted

by adopting a strict scheme for height adjustment (see chapter 3). il

Support fiIm

A support film is required for the study of isolated objects such as cells or

cell organelles deposited from a suspension. Therefore, J can no longer be

taken equal to the incident electron beam intensity. One has to use the

fraction of the incident beam that effectively passes the support film: all

unscattered electrons and those that are scattered by the film within the

angular aperture. This fraction, JQ, can be conveniently measured on an area

of support film only. When the support film is not thin compared to the

specimen, the total electron dose D required, can be calculated from J'. The

correction of D for the loss of electrons due to scattering by the film

outside the angular aperture is necessary as these electrons do traverse the

specimen and cause additional radiation damage. It has been assumed in the

calculations above, that the support film is thin with respect to the

specimen, and that variations in film thickness are negligible.

Calibration

The mass determination and the collection of X-rays are performed

independently from each other. This is especially true when using the

bright-field TEM based mass determination method described in this thesis. As

a consequence, accurate calibration of both methods is essential. This clearly

complicates the use of an electron scattering based mass determination method

for quantitative EPXMA. Further details about the calibration procedures are

given in chapters 3 and 5 of this thesis.

Maximum useful specimen thickness

The bright-field TEM method is applicable to thin specimens only. Zeitler and

Bahr [1965] estimated that mass thicknesses up to ca. E Q (i n keV) u.g/cm2 can

be measured with good accuracy. With thick specimens, large contrasts may

occur. The image contrast can be somewhat reduced by applying higher

accelerating voltages and/or using larger angular apertures. Several problems

occur when specimens are too thick: (a) deviation from the theoretical

contrast behaviour: electrons once scattered outside the angular aperture can

be scattered back into it when plural scattering becomes important, i.e, when:

1 Ni a\ 1. 2-: (b) saturation effects in the photographic material occur when

large contrasts must be recorded. Casley-Smith and Crocker, [19751 went beyond

the linear region of the curve relating optical density to exposure (product

of intensity and exposure time) by taking saturation effects into account;

however, the DQE of the photographic recording is decreased then; (c)
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inaccuracy in the densitometric process when the dynamic range is small; and

(d) very high incident electron dose DQ, required to obtain a reasonable D .

All these problems pose an upper limit to the useful mass thickness, which

will be around 0.5 - 1 u.m, depending on operating conditions. These problems

will not be dealt with here.

Distribution error

Because of the exponential relation, given in eqn. (8), integral measurements

over large areas are only allowed for very thin specimens. Bahr and Zeitler

M9651 performed integral measurements and approximated expl- JN.CTJ] by

(1 - £ NjOTj), which is valid only for I NjOj « 1. Integral measurements of

specimens of variable thickness, for which I N J 0 J = 1, or larger, result in

the introduction of a distribution error [see e.g., Duijndam et al., 19801.

For such specimen thicknesses, integrating measurements are required. The

method for mass determination, developed in the present investigation (see

chapter 2) provides for such integrating measurements.

1 .f .5 Conclusions

With bright-field TEM based mass determination, one can determine mass

thicknesses of thin amorphous specimens up to ca. 1 g/m , corresponding to

a biological specimen thickness of about 1 u.m. The electron dose required to

obtain good precision can be over ten million times less then is needed for

the O N method. This reduction of electron dose is of great importance to

avoid specimen mass loss. Mass thickness measurements of a 0.01 u,m2 area of a

100 nm thick carbon specimen (details given above), require an electron dpua

of only 4.6 e/nm2, for a precision of 3 %, assuming DQE = 1 and blind image

recording. The value of 4.6 e/nm2 is clearly below the estimated critical

maximum dpua of 100 e/nm2 (see 1.e). Therefore, with the bright-field TEM

method, accurate determination of the true mass (i.e., without radiation

induced loss) of small objects is feasible. It is evident that the image for

mass determination must be recorded prior to the acquisition of the X-rays.

Under certain conditions, the bright-field TEM method has virtually no

composition dependence. This is a very important feature: local variations in

composition no longer influence the mass thickness measurement. The

composition independence is also useful when heavy metal stained specimens are

studied. The mass of the stain can be determined from the X-ray data and

subtracted from the measured total mass.
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Practical aspects of the bright-field TEM mass determination, such as image

distortion and the variations introduced by the densitometric process, reduce

the achievable precision. For the method described in this thesis, see

chapter 2, an overall precision value of 5 % has been found.

The implementation of the bright-field TEM method, described in this thesis,

is rather limited in its applicability because it requires a relatively long

time before measurement results become available. For certain analytical

applications this time lag may be acceptable. However, analysis of

cryo-preparations with the TEM mass determination method is impossible. Direct

acquisition of the electron intensity would be a solution for this problem.

This can best be done in a STEM because TEM lacks the possibility for computer •

positioning of the electron beam. Computerized beam positioning allows

analysis of any object, irrespective of its shape.

I.g BRIGHT-FIELD STEM AND BACKSCATTERED ELECTRON BASED MASS DETERMINATION

Bright-field STEM based mass determination

STEM has an evident advantage over TEM in that computerized beam positioning

and on-line image data acquisition are possible. Up to now, mass measurements

with STEM have concentrated on the very low mass region using the highly

efficient dark-field imaging mode. Only Halloran et al. M9781 reported the

use of bright-field STEM for mass thickness measurements in combination with

EPXMA. They demonstrated the strength of this combination on homogeneous thin

sections, but did not perform mass measurements of objects with variable mass

thickness. The results of Halloran et al. 119781 are confirmed by those of the

bright-fieia TEM method in combination with EPXMA ILinders et al., 1984a; this

thesis, chapter 51. Further study is needed to evaluate the performance of

bright-field STEM for mass determination in combination with EPXMA.

Backscattered electron based mass determination

Through a cooperation with the Philips Electron Optics Application Laboratory

(Eindhoven), we were able to start the development of a method that uses

backscattered electrons (BSE) for mass thickness measurement. Several papers

on the use of BSE for thickness measurement of metal layers have been

published [see e.g., Niedrig and Sieber, 1971; Niedrig, 1977, 1978a, 1978b1,

as well as on the mass measurement of small iron particles IDeNee, 19781. The
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use of BSE for mass measurement of biological specimens seems not very

popular. One of the reasons may be that the cross sections for electron i ,j

back scatter ing are several orders of magnitude smaller than those for small *'''

angle scattering. Furthermore, there is the same kind of composition

dependence as with the C-N method INiedrig, 1978al. Nevertheless, there are

good reasons to prefer BSE over continuum X-rays for mass thickness

measurement.

- The electron signal available for mass thickness determination is

considerably larger than is the X-ray continuum (cf. figure 1 of chapter 7,

this thesis).

- The problem of the extraneous X-ray continuum is absent, as far as the mass

determination is concerned.

- The probe current can be kept the same ror both mass measurement and X-ray

analysis. This is clearly a practical advantage, as it eliminates switching

between electron optically different conditions, involving refocussing etc.

This feature is essential for automated particle detection and analysis.

- If the electron probe current remains constant within the time of a single

analysis, the ratio of the elemental mass (determined from the X-ray data) to

the total mass is beam current invariant.

- BSE mass determination can "handle" higher mass thickness values than the

methods based on electron transmission. Thickness values of 5 u.m and higher

for organic material and aluminium have been reported [Reimer and Hagemann,

1977; Niedrig, 1978b).

Rapid scanning keeps the measurement time per picture element (pixel) short,

so that, although J is high, the electron dose per unit area stays reasonably

low. The current version of the computer program for quantitative EPXMA with

BSE mass thickness measurement, Particle Detection and Analysis 2 (PDA2), has

a measurement time of ca. 5.2 ms per pixel ILinders and Van de Vorstenbosch,

unpublished resultsl. For a beam current of 1 nA and a 100 nm spotsize, the

electron dpua is equal to ca. 4000 e/nm , provided that pixels do not overlap.

This dose per unit area is still too high to prevent mass loss, so further

improvements are required. Possibilities are reducing the measurement time per

pixel, using a low-temperature specimen holder to minimize mass loss and

increasing the electron detector collection angle. By improving the data

acquisition strategy the electron dose required for the measurement of a pixel

can readily be reduced by a factor of 2 - 3 [Hagemann, 1984; personal

communication].

33



On the basis of the arguments given, BSE based mass determination may be

expected to become a very useful alternative for the C-N method in the mass

thickness range where the transmission method fails.

N.B. Figures 4 and 5 of Linders and Hagemann 119831, chapter 7 of this thesis,

show that the total mass, measured with BSE, of the smallest droplets was

found too low, compared to the results of the bright-fieid TEM method. This

also resulted in overestimated elemental mass fraction values. Further

investigation confirmed the suggestion made in the paper, that overestimation

of l_, (the contribution of the support film to the BSE signal) and organic

mass loss caused this erroneous mass determination. A new subroutine was

written for the PDA2 program, that measures I-, either at the edge of an

object (for isolated objects) or at a designated area (for structures in

tissue sections). Using this new routine and blind recordings, it was possible

to obtain a constant elemental mass fraction value for the droplet model

specimens over a large range of droplet masses ILinders et al., to be

pub Iished).

1«h MASS DETERMINATION BASED ON ELECTRON ENERGY LOSS SPECTROSCOPY.

Very recently, another alternative for the C-N method has been devised

[Leapman et ai., 1984I, which is considered an extension of the attenuation

method. Instead of using the image contrast formed by the partly removal of

the elastically scattered electrons, their method uses the attenuation of the

incident electron beam due to inelastic scattering. Inelastic scattering

increases with mass thickness, in a way similar to elastic scattering. The

increase of elastic scattering with thickness reduces the number of electrons

detected by the EELS spectrometer, which subtends only a small acceptance

angle. The number of the inelastically scattered electrons therefore gives

incorrect information on the specimen mass thickness. By taking the ratio of

the zero-loss peak to the total number of electrons detected by the EELS

spectrometer, this effect is cancelled out. Also, possible beam current

variations are cancelled out. Now an equation is obtained that is similar to

eqn. (9). The rest of the method is analogous to the one described for the

bright-field TEM method in this thesis. Therefore, the method has partly the

same advantages and disadvantages as the bright-field TEM method. Below,
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advantages and disadvantages are indicated with a plus and a minus sign,

respectively.

(+) Mass thicknesses can be determined at very low electron doses; Leapman et

al. 11984] quote 1 0" 1 3 C, equivalent to 6 105 electrons. For elements of low

atomic number, abundantly present in biological specimens, the cross section

for inelastic scattering is a little larger than for elastic scattering (e.g.,

Burge and Smith, 19621,. Consequently, somewhat lower doses than needed for

the TEM method should suffice. This advantage, however, vanishes rapidly for

increasing specimen thickness, as an increasing fraction of the incident

electrons is lost by scattering outside the acceptance angle of the EELS

spectrometer.

J- (+) The electron intensities are measured directly while viewing the specimen.
; (+) The method has (probably) less composition dependence than the C-N method.

However, the cross sections for inelastic scattering do not vary as smocihly

with Z as for elastic scattering [Leapman et al., 19841.
: (+) The method is invariant for beam current variations.

(-) Because the measurements of the total mass and the elemental mass (through

X-ray analysis) are independent, calibration of both methods is required.

(-) Application of the method is limited to thin specimens. Leapman et al.

119841 give a maximum thickness of 0.5 u.m.

; (-) Because the relation between mass thickness and signals used (unscattered

and inelastically scattered electrons) is a logarithmic one, integral

measurements of areas with varying mass thickness cannot be performed, due to

the distribution error.

(-) As a consequence of the latter point, EELS spectra need to be recorded and

processed for many pixels, when analyzing areas with varying mass thickness.

This may take a rather long time, in contrast with the bright-field TEM method

where the electron intensity distribution can be measured very rapidly,

assuming on-line image recording.

(-) Additional investment for an EELS spectrometer is required.

The EELS based method for mass determination is at this moment in too early a

stage of development to conclude whether it will become the preferred mass

determination method for combination with EPXMA of thin biological specimens.
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A modification of che classical method of Bahr and Zeitler
for dry mass determination of isolated biological objects
is described- The method uses a conventional transmission
electron microscope (TEM) and a computer-controlled
scanning microdensitometer. The performance of the
modified method has been investigated by applying it to

model specimens (polystyrene latex spheres). The method
offers significant improvements over the existing TEM-
based mass determination method.
KEY WORDS Dry mass determination; Bright field transmission
electron microscopy; Computer-controlled scanning microden-
sinimetry; Polystyrene latex spheres.

Introduction
Dry mass is a basic parameter of importance in characterizing
biological specimens. Therefore, dry mass determination can
be regarded as an important cytochemical technique (Glick,
19 . 1980) and can be very useful in cytochemistry, for ex-
ample, when the effects of a certain treatment on cells are
being studied. In a recent review, Glick discusses several ap-
plications of dry miss determinations in hisrochemistry and
cytochemistry (Glick, 19~7). Dry mass determination can also
be of importance in quantitative electron probe X-ray mi-
croanalysis. when the elemental composition of a microscopic
object must be expressed in terms of mass fractions (Linders
ctal., 1980. 1981).

Some 20 years ago, Bahr and Zeitler demonstrated that a
transmission electron microscope (TEM) can be used for the
determination of the dry mass of isolated biological particles
in the range of 10 " to 10" "* gram (Zeitler and Bahr, 1962;
Bahr and Zeitler. 1965; Zeitler and Bahr. 1965). Their pho-
tometric method is based on the attenuation of the electron
beam on its way through a specimen. As die electron beam
passes through the specimen, its intensity distribution is mod-

'Pjrt of this investigjtuin was financially supported by the Mus-
(.uLir Dystrophy Prupram «if the Prinses Beatrix Fonds. The Hague.
The Netherlands.

"Present address: Image Analysis Laboratory. Tufts, New England
Medical Center, 1 ~ 1 Harrisim Ave. Boston, MA (12II1.

ulated by the mass distribution in the specimen, according to
Beer's law. The resulting electron beam intensity pattern is
recorded on electron sensitive negative film (electrographs).
Densiromerry of these electrographs gives information on the
specimen mass distribution. Bahr and Zeitler used bright-field
transmission electron microscopy for their mass determina-
tions. More recently, the minimum detectable mass for iso-
lated objects was decreased to %• 10"''' gram by using dark-
field transmission electron microscopy (Brakenhoff et al-,
19T2). In recent years, scanning transmission electron mi-
croscopy (STEM) has made it possible to extend the range of
detectable masses even further, down to about 10"-" gram
(Langmore, 1976; Lamvik and Langmore, 1977; Engel, 1978;
Engel et al., 1980).

The method tor dry mass determination described here has
been developed in particular for use in quantitative electron
probe X-ray analysis. The method employs computer-con-
trolled scanning microdensitometry of bright-field electro-
graphs, which allows the measurement of the local optical
density at a large number of points within the electrographic
image of an object. From these data, the mass thickness dis-
tribution can be found, allowing the calculation of total object
mass by integration. When adequate mass calibration has been
performed., absolute mass values can be measured. The mod-
ified mass determination method provides for independency
of exposure time and support film thickness, has a lower dis-
tribution error and a higher accuracy than has the existing
TEM-based method. This is demonstrated on model speci-
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mens. In contrast with STEM-based methods (Freeman and
Leonard, 1981), fluctuations of electron beam intensity in the
microscope do not influence the resulting mass value.

Materials and Methods
Polystyrene latex spheres, 312 nm {2.2 nm SD) in diameter (E.W.
Fullam Inc., Schenectady. NY), were prepared for electron micros-
copy in the following way: I ml of the stock suspension was diluted
in 9 ml ethanol 196^7 v/vl. A drop of the diluted suspension was
placed onto a 200 mesh copper grid, covered by a thin parlodion film.
After about 2 min, most of the drop was removed with a piece of
filter paper, and the remainder was air dried.

Transmission electrographs were made on Kodak FGRP 35 mm
film with a Philips EM 301 transmission electron microscope. The
accelerating voltage was 80 kV, the C2 aperture was 200 /zm, the
objective lens aperture was 20 nm, and the electron optical magni-
fication was about 1300 times. The electron optical magnification was
determined with the aid of a 2160 lines per mm grating replica (Po-
laron Equipment Ltd., Watford, England). Variation of magnification
between subsequent electrographs was limited by reproducible ad-
justment of the imaging lenses. The amount of exposure (electron
dose) was adjusted to keep the optical density in the electrograph
below 1.2. Exposed films were developed for 5 min in Kodak D163
developer, dilution 1:3, at a reproducible and constant agitation.
Deionized water was used as a stopping bath. After this, the films
were fixed for 10 minutes in Agfa Gevaert G333c fixative, dilution
1:10. All baths were kept at 20°C.

The computer-controlled scanning microdensitometry was carried
out on the BioPEPR (Bralogical Precision Encoding and Pattern Rec-
ognition) system (Zahniser et al., 1979; Zahniser, 1979). The Bio-
PEPR system allows the execution of a large number of transmission
measurements on negatives in a short period of time. Because the
BioPEPR controls the spot movement, the data acquisition, and the
data handling, the system is suitable for a range of applications. It is
used in particular for the automated prescreening of cervical smears
{Zahniser et al-, 1979). Additional software was developed for the
densitometric measurements (see Results). The computer programs
have been written in FORTRAN 'V, but some time critical routines have

been written in MACRO assembly language. The computer operating
system was DEC RT-11 version '>.

The BioPEPR hardware {.(insists ot a 9 in. cathode ray tube [CRT),
a 2:1 demagnifying optical system, a film holder, a phinomultiplier,
an analog to digital converter, a PDP 11/40 computer (Digital Equip-
ment Corporation, Maynard, MA), and computer interfaces isee Fig-
ure 1.). A small light spot, about 20 fxin in diameter, is generated at
a computer-controlled position on the CRT surface. After demagni-
fication, the spot is projected onto the negative and the amount of
transmitted light is measured by the photomultiplier. The analog pho-
tomulfiplier signal is used to image a part of the negative on a TV
monitor. With a "speedball," a reference point can be set in the image,
which is used later for centering a measuring frame. The photomul-
tiplier signal is also digitized and fed into the computer. The analog
to digital converter has 8 bits resolution, allowing up to 256 trans-
mission values to be separated. A full description of the BioPEPR
system is given by Zahniser (19^9).

Mass Determination Computer Program
The computer program written for the densitometric mea-
surement of the dry mass of isolated objects is called
MDDECO (Mass Determination with DEnsity Correction).
The density correction feature is explained later in this section.
For each object to be weighed by MDDECO, a square area
(frame) within an electrograph is digitized. This frame, the size
of which is selected by the operator, encloses the object to
be weighed and also contains background area. Data on this
background are required in the calculation of the object mass,
since they allow the determination of the intensity of a part
of the beam that was attenuated by the support film only (see
Appendix).

Dry mass determination by the MDDECO program pro-
ceeds as follows

1. For each series of electrographs, the following data must
be entered: the magnification, the transmission ofunex-
posed, developed film, and a calibration factor in the
case of absolure mass measurements.

Figure 1. Configuration of the Bio-
PEPR system used for the computer-
controlled scanning microdensitome-
try.
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2. On the TV monitor an analog image is formed of a part
of the electrograph. The operator selects a particular
ob|ect by moving the monitor image of the electrograph
with the speedball.

ï. For each object to be measured, a square area ot the
electrograph is digitized at a constant number of picture
elements (Figure 2].

-4. For each picture element, the amount of transmitted
light is measured, digitized, stored, and subsequently
represented in a histogram ot transmission values (see
Figure 3a). The peak at the left represents the back-
ground measurements.

5. The transmission distributions of object and background
overlap to some extent. To separate these, the back-
ground peak is approximated by a Gaussian curve and
then subtracted (Figure 3b).

6. Picture elements with equal transmission values con-
tribute equally to the total object mass. For each trans-
mission value, the contribution to the object mass is
calculated and multiplied by the number c.: picture ele-
ments with that transmission value, i.e., channel content
in the histogram. Summation gives the value for the
total object mass, which is stored on a magnetic disk for
later use, e.g., for statistical analysis. The program re-
turns to step 2 for the next measurement.

The density correction feature, mentioned above, involves a
correction for nonlinear output of the BioPEPR photomuiti-
plier. When optical density (OD) values are required in the
computer program, the OD values, calculated from the trans-

mission measurements of the BioPEPR, are converted to real
OD values with the help of a conversion table (Table 1). In-
termediate values arc obtained by linear interpolation. This
table is checked against a calibrated grey scale two or three
times per year.

For absolute mass determination, a computer program has
been «'ritten for calibration: t ALICO (CHUbration with density
Correction). This calibration method is based on the theo-
retically known mass distribution of homogeneous spherical
objects, in particular, polystyrene latex spheres. The CALICO
program measures the distribution of the OD values along a
line scan through the center of a sphere. This OD distribution
reflects the mass distribution within this sphere in the plane
through its center and parallel to the electron beam. In fitting
the theoretical distribution to the measured one, only one
unknown remains, the scattering factor S. The value of S is
found from the best fit of the two distributions. Details on the
CALICO method of calibration will be published elsewhere.

Results
Various possible sources of error in the MDDECO method
were identified: the noise of the BioPEPR electronics (pho-
tomultiplier, voltage supplies, etc.), the position of the selected
frame with respect to the object of interest, the frame size,
the position of the film with respect to the BioPEPR optical
axis, and the object position on the electrograph (actually in-
dicating TEM image distortion). In order to estimate the over-
all accuracy of the MDDECO mass determination method,
five measurement experiments were carried out.

Figure 2. Example ot digital scan raster; mito-
chondrion. Original magnification x 100,000. Bar
= 0.2 (im.
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Figure 3- Example of transmission value
histograms; values increase from left to
right, (a) Original hiscogram of a specimen;
nonzero channels range from 63 to 165.
(b) Histogram of 3a after background peak
subtraction.
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T a b l e 1. Values for BioPEPR density calibration (conversion
table as used in the mass determination program MDDECOl

BioPEPR value Real value

0.000
0.066
0.272
0.490
O.-'OI
0.911
\.VP
1.258
1.421
1.56V
1.672
1.818

0.000
0.040
0.200
0.350
0.500
0.660
0.810
0.960
1.110
l ^ O
1.410
1.560

1. Variations due to electronic noise. Spheres were weighed
ten times, each on the same electrograph, without
changing film position, frame size, or frame position.
To provide independency of possible size variations
between spheres, the coefficients of variation were cal-
culated per sphere and averaged; this is also done in
experiments 2, 3, 4, and 5.

2. Variations due to frame position. Spheres were weighed
as in experiment 1, but after changing the position of
the measuring frame before each measurement.

3. Variations due to frame size. Spheres were weighed using
four different frame sizes; all spheres were measured
four times per frame size.

4. Variations due to film position in the holder. Sphereswere
weighed nine times each; the film was moved over a
short distance between subsequent measurements.

5. Variations due to object position on the film. Several elec-
trographs were taken of the same spheres; the specimen
position in the electron microscope was changed slightly
between subsequent electrographs.

Variations were calculated from a large number of mass mea-
surements to check the supplier's data on the spread of the
polystyrene latex spheres. All measurement results are pre-
sented in Table 2.

6. Sphere size variations. 429 spheres were weighed to es-
tablish a value for the spread in sphere size. The coef-
ficient of variation was calculated for all measurements.

Discussion
It was found from measurements on a series of electrographs
of the same polystyrene latex spheres that the spheres do not
gain or loose mass in detectable amounts during electron beam
irradiation, as occurred in our experiments. From Table 2, it
follows that the electronic noise produced by the densitometry
equipment (exp. 1) contributes only slightly to the final in-
accuracy. The position of the measuring frame (exp. 2) also
contributes very little to the final inaccuracy. As to the mea-
suring frame size introduced error (exp. 3), a decrease of the
measured mass value with increasing frame size was found.

Table 2. Measurement results of experiments on the accuracy of
the MDDEC0 mass determination method"

Source of error

'= S

Experiment H
No. "5

i!
.£ h 2 3 *• 3 u

.2 x .5 .Sx .2 .e

s * 3 s * r*
310
300
272
282
320
429

0.3
0.5
1.4
2.7
4.4

' + : in effect; - : nor in effect.

This is most likely due to a decrease in sampling density (num-
ber of picture elements per unit area) with increasing frame
size. It is improbable that lower mass values result from in-
cluding remote background points, since the frame position
scarcely introduces variation. This frame size error could be
eliminated by keeping constant the sampling density and
adapting the number of picture elements to the object size.
The variation due to the varying film position in the holder
(exp. 4), : e., with respect to the BioPEPR optical axis, is
caused both by locally varying CRT fluorescence yield and by
a decrease in effective aperture as the spot moves out of the
CRT center. Provisions for both hardware and software cor-
rection for the CRT intensity variations are present (Zahniser,
1979). In particular, the software correction reduces the vari-
ation due to the illumination irregularities from about 15%
to about 2.5% (unpublished results). The contribution to the
inaccuracy due to the variation of the object position on the
film (exp. 5) is presumably related to TEM image distortion,
i.e., variation of magnification within the electrograph.

When all error sources mentioned are combined except for
the frame size variation, an average coefficient of variation of
4.4% is found. Provided that either the frame size is adapted
to the size of the object (to avoid too low a sampling density),
or that the sampling density is kept constant, this value can
be considered as a measure of the accuracy of the method for
relative mass measurements.

When absolute mass values are required, the accuracy of
the mass calibration must be taken into account. Provided that
an accurate method for magnification calibration is used, an
inaccuracy of l—iTc for the mass calibration is obtained (un-
published results). The two values for the inaccuracy, taken
together, result in an inaccuracy of about 5 # for absolute
mass determinations, which is better than the figures given for
the photometric procedure: 7-9% (Bahr and Zeitler. 1965)
or 10% (Wall, 1979).

With respect to the original integrating photometric
method of Bahr and Zeitler, the computerized scanning mi-
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crodensitometry procedure otters several advantages, in ad-
dition to the higher accuracy.

The use of a small scanning light spot largely rules out
distribution errors, that occur when objects with a non-
homogeneous mass distribution are to be weighed (sec-
Appendix).

Background measurements are made in the immediate
proximity of the object.

Point by point corrections can be made for nonlinear pho-
tometric readout.

Differences in support film thickness between objects from
different preparations, e.g.. calibration objects and spec-
imens to be measured, do not influence results (see
Appendix). As independency of support film thickness
is obtained, it is no longer necessary to mix calibration
objects with the unknown specimens-

Variations in exposure time or fluctuations of the electron
beam intensity between electrographs do not affect the
final result, provided that the optical density of the film
does not exceed the region of linear response (OD be-
low 1.2).

The determination of the masses of 429 polystyrene latex
spheres resulted in a coefficient of variation of 7.79f. Com-
paring this figure to the above-mentioned value of 4.49? for
relative mass measurements, it can be concluded that there is
an additional variation of about 69?- Provided that the density
of polystyrene latex spheres is homogeneous, the variation of
69? is due to a variation in sphere volume. This variation,
taken to the inverse third power, results in a variation of about
1.89? in sphere diameter; which is significantly higher than
the 0.79? variation claimed by the supplier (F-test, p <0.005).
This finding is in good agreement with the results of Zeitler
and Bahr (1962), who also found that the variation in the
diameter of polystyrene latex spheres is larger than may be
concluded from the manufacturer's data.

According to Bahr and Zeitler (1965), polystyrene latex
spheres may be used as model objects for biological specimens,
since they have a density and a composition roughly equal to
biological specimens. The dimensions of the spheres used here
are of the same order of magnitude as the dimensions of the
biological specimens for which the method was developed
(mitochondria, platelets). It is, therefore, concluded, that the
MDDECO method of mass determination is capable of mea-
suring the dry mass of real biological specimens.

The mass determination method described here has several
advantages over the "classical" TEM-based method, and func-
tions very satisfactorily. It is believed that it can be adapted
to other types of scanning densitometers that have comparable
specifications. It appears that dry mass determination of in-
dividual biological objects in the range of 10"" to 10"'" gram
by quantitative electron microscopy is a valuable technique in
disciplines such as cell biology, hisrochemistry, and cytochem-
istry.

The present method has been developed primarily for use
in quantitative electron probe X-ray microanalysis. The X-ray
microanalysis provides data on rhe elemental content of a sam-

ple, and the mass determination allows the calculation ot el-
emental mass fractions. Very recently, Iciw temperature- oxy-
gen plasma ashing (Thomas .ind Hoilahan, 19"M) was used in
electron probe- X-ray microanalysis ot thin specimens to in-
crease the sensitivity of the analysis (Barnard and Thomas,
19"H- Mason and Nott. l'JSO; Thomas and Corle-tt, l'Mll.
Espri i.ilh in this ease, the densitomctric method tor mass
Jeu rnnn.ition will prove to be of great value: the original mass
di- I'I "ion of a specimen can be- recorded prior to ashing and
X ra\ inicroanalysis of the specimen. With some etfort, this
principle- could be adapted to the analysis ot thin (eryo-(sec-
tions.

Appendix

Mass Determination

Dry mass determination by transmission electrun microscopy (TEM)
is governed by Beer's extinction law, which also describes the atten-
uation of the transmitted electron beam in thin specimens up ro a
certain thickness (Bahr and Zeitler, 1965). For bright-field TEM, eq.
(1) holds:

I.ix.) i = It • exp I -S l l )

l.tx.yi is the electron beam intensity after passing both support film
and specimen, x and > are coordinates ar the specimen level, /, is the
beam intensity after passing the support film, which is supposed to
be homogeneous in thickness within the measuring area (see Figure
4>. Further, ulx.yt is the mass per unit area, i.e., the mass integrated
in the j-direction, and S is the scattering factor (actually the average
partial atomic cross section for elastic electron scattering per unit mass
under the conditions used, such as accelerating voltage, objective lens
aperture). Equation (I) can be rewritten as

= IVS) • In (I,II,lx,)l). I la)

Once 5 has been found by calibration, or has been eliminated in the
case of relative mass measurements, determination of /, and /.(.v.)>
allows calculation ot H'.V.IJ Integration ot Wx.i) over A and i then
gives total object mass.

Since in conventional TEM the values ot hoth lt and I.{.\.\) are not
readily available, an indirect measurement of the electron hcam inten-

Figure 4. /„ is the original electron beam intensity, /, is the beam
intensity after passing the supporting film, /, = l.tx.y) is the intensity
after passing both the supporting film and the specimen.

M I I I I
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sirics must be made. This h usually iltmt* through photographic re-
cording. Densuometry then reveals the original electron beam inten-
sity distribution, using

D = if- 1 - (2)

in which D is the optical density tOD) of the film (the OD of unex-
posed film is taken as zero); </ is a constant, determined by factors
like film sensitivity and development conditions; anil / is the exposure
time. The linear region of the D versus / response, expressed in eq.
(2). holds for OD values up to about 1.2 (Valentine, 1966). Since /
is a constant within each exposure, eq. (la) can be rewritten i".

u'x.v = (1/5) • In iD,ID.tx.yi) (M

In the electron microscope, magnified images are obtained; this means
a l:Al Imaging instead of 1:1. In eq. (^), ntx.yt is the mass per unit
area; u tx.M must be integrated over .v and y to get total object mass.
However, utx.yi is determined from electrographs, with coordinates
.v' = M'X and y' = AH- The result of the integration, which is of
necessity over x' and y', must, therefore, be divided by M2 to give
the correct value for the object mass. This division is carried out in
the computer program.

The OD values, required in eq. (3). can be calculated from the
transmission measurements, using D = '"log (TJT), in which To is
the transmission value measured on unexposed film and T is some
transmission value. Equation (3) now becomes

(-4)

Having determined 5 and T„, the total object mass can be calculated
from the histogram of transmission values (Figure 3) by using eq. (4).
The histogram provides both 7/ and alt TAx.y) values.

Since in the equations 1/ is used, rather than ƒ„, differences in
support film thickness will not influence the mass determination.
Variations of exposure time between electrographs do not influence
mass determination either: since the ratio of OD values is used, che
exposure time, t. does nor, appear in eqs. (3) and (4). This indepen-
dency is limited to the linear part of the response curve of the optical
density to the beam intensity for high OD values, and to the mea-
surement accuracy for low OD values. This exposure time indepen-
dency imposes less strict conditions on the user than is done by the
photometric methods. The mass determination method is also inde-
pendent of beam current fluctuations. Since TEM is used, possible
current fluctuations will affect all pans of the resulting elecrrograph
in the same way (parallel image data recording). As long as the OD
of the background does not exceed the value of 1.2, the variations
due to current fluctuations are canceled out by raking the rario of the
OD values. This independency has obvious advantages when com-
pared to the use of STEM based methods, where the image data
recording is serial- Fluctuations due to a nonstabilized beam current
may introduce variations (Freeman and Leonard, 1981).

Distribution Error

Integral photometric measurements will be affected by a distribution
error when the optical density in the measured area is not constant
(Goldstein, 1971). For example, consider the image of an object,
where 5 0 # of the area has an OD of 1 and 50# has an OD of 0.
Measurement with a scanning microden sitometer would give an av-
erage OD of about 0.5- Integral photometry would, however, give a

transmission of O.VHWV (where OD = 0) + 0.5*KKV = 55 r ; .The
apparent average density found thus, is '"log (100/55) = 0.26. The
use of a scanning microdensitometer with a finite spot size will always
have a residual distribution error (Duijndam et al-, 1980). Since the
objects measured in the BioPEPR are usually much larger than the
spot size, this residual error can be neglected.
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Calibration of Transmission electron microscopic mass
determination using objects with known mass distribution
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SUMMARY
An improved calibration procedure is described for dry mass determination methods, that

are based on microdensitometry of transmission electron micrographs. Polystyrene latex
spheres, that are supposed to have a homogeneous mass distribution, are used for the calibration
procedure. By computer fitting of the theoretically expected mass distribution to the distribution
measured in a line through the centre of a sphere, a mass calibration factor is obtained. The
number of measurements required for a predetermined calibration accuracy can be decreased
considerably as compared to other calibration methods. Accurate calibration and reproducible
adjustment of the electron optical magnification are required.

INTRODUCTION
The transmission electron microscope (TEM) can be used to obtain, together with ultra-

structural information, other data about microscopic objects. Specimen dry mass is one of the
basic characterizing parameters that can be determined with a TEM (Glick, 1977; Wall, 1979).
The principle of mass determination with a TEM was applied for the first time by Marton &
Schiff (1941), who measured the thickness of thin metallic films. Zeitler and Bahr developed a
routine method for the dry mass determination of individual isolated objects, with masses
between 10"n and 10- I 8g, such as thrombocytes, erythrocytes, spermatozoa and bacteria
(Zeitler & Bahr, 1962; Bahr & Zeitler, 1965). The method of Zeitler and Bahr also proved
suitable for the dry mass measurement of virus particles (Bahr et al., 1976,1980).

Recently, interest in specimen dry mass determination arose from the field of electron probe
X-ray microanalysis. In this field there is an obvious need for an accurate method for dry mass
measurement of thin specimens. Alongside with methods employing continuum X-ray radiation,
methods based on electron scattering have been proposed (Halloran et al., 1978; Eshel & Waisel,
1978; Monson & Hutchinson, 1981; Linders et al., 1981, 1982a).

As pointed out by Engel (1978), absolute calibration of the mass measurement procedure
eliminates most instrumental variations. Mass calibration is therefore of great importance, not
only in case absolute mass values are required, but also when the results of several series of
measurements are to be compared. Most calibration procedures are based on measuring objects
that have a known total mass, e.g. polystyrene latex spheres of a given size (Zeitler & Bahr, 1962),
or virus particles, e.g. tobacco mosaic virus and T4 phage polyheads (Lamvik & Langmore,
1977; Engel, 1978; Woodcock et al, 1980). A mass determination method, based on conven-
tional transmission electron microscopy and computerized scanning microdensitometry, has
0 1983 The Royal Microscopical Society
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been introduced by us (Linders et al., 1982b). The method can provide data on the mass thick-
ness distribution within a single object, allowing mass calibration to be based on mass distribution
rather than on total mass. In the present paper, this calibration principle is described, and
compared to the 'total mass' method.

MATERIALS AND METHODS j,
Polystyrene latex spheres, mean diameter 312 nm (2-2 nm S.D., supplier E. W'. Fullam Inc., \.

Schenectady, New York, U.S.A.), «ere prepared for transmission electron microscopy as j ,
described elsewhere (Linders et al., 1982b). The latex spheres were not coated to prevent loss | -
of spherical symmetry (Porstendorfer & Heyder, 1972). Electron micrograph negatives ('electro- \
graphs') of the specimens were made on 35 mm Kodak FGRP film with a Philips EM 301, with
the anti-contamination device in use. The recording conditions were: accelerating voltage: i
80kV; objective lens diaphragm: usually 20 /im, but other diameters (up to 100 /urn) have also
been used; electron optical magnification: about 1300 times. The exposed films were developed
as described elsewhere (Linders et al., 1982b). The optical density in the electrographs was
always less than 1-2. The electron optical magnification was determined with a 2160 lines mm
cross grating replica (Polaron Equipment, Watford, England). Variation of the magnification
between subsequent electrographs was limited by reproducible adjustment of the imaging lenses.
Furthermore, two specimen holder tips were selected in which the grating replica and the
specimens had about equal vertical position with respect to the objective lens pole pieces. Grid %
areas that required focusing currents deviating more than 2",, from the reference current were
not considered.

The scanning microdensitometry of the electrographs was carried out with the BioPEPR
system (Biological Precision Encoding and Pattern Recognition), a computer controlled flying
spot microdensitometer (Zahniser, 1979). The computer, a DEC PDP 11 40 (Digital Equipment
Corporation, Maynard, Mass.) was used for scan control, data acquisition and data analysis.
The use of the BioPEPR system for dry mass determination has been described elsewhere
(Linders et c.L, 1982b). For the calibration of the mass determination method a separate com-
puter program has been written in FORTRAN IV: CALICO (CML/bration with density
Correction), to be described below.

MASS CALIBRATION PROCEDURE
For the calibration of TEM mass determination, several methods based on polystyrene latex

spheres have been developed. The most straightforward method is to determine the average
relative mass of a number of equally sized spheres, whereafter the ratio of the actual sphere
mass to the average value found provides a calibration factor that can be used for absolute mass
measurements. Since every batch of polystyrene latex spheres has a certain variance in sphere
size, and thus in sphere mass, correction for individual sphere sizes may be useful. An alterna-
tive principle for mass calibration is to take profit of the known mass distribution in the latex
spheres. This idea has been adopted in the CALICO procedure.

The intensity distribution of a beam of 'effectively unscattered' electrons (electrons that are
not scattered outside the objective aperture), that results from traversing a specimen, is closely
related to the mass thickness distribution of that specimen. The relation between the local
specimen mass thickness and the resulting electron beam intensity is given by:

I(x,y) = h x exp ! -Sw{x,y) \ (1)

(cf. Bahr & Zeitler, 1965). In Eq. (1), /(> and I(x,y) are the intensities of the electron beam,
transmitted through the objective aperture, after passing only the support film and the support
film plus the specimen, respectively. In this equation, S is the calibration factor (actually the
average partial atomic cross section per unit mass for the scattering of electrons outside the
objective aperture; the dimension of S is m- kg •), and w(x,y) is the specimen mass per unit
area (dimension kg m -). It is stressed that, since l{x,y) depends on the objective aperture, the
value of the calibration factor is also influenced by the aperture.
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When specimens with a known mass distribution are imaged, the distribution of l{x,y) can
be predicted. Because of their spherical symmetry, the mass distribution of the latex spheres
needs to be investigated in one direction only, i.e. in a line scan. The local mass thickness w
within a sphere depends on the distance r from the sphere centre: m=w(r). It is seen in Fig. 1
that zv(r) = 2p/(r), where p is the density of the latex sphere (supposed to be isotropic), and

Fig. 1. When a sphere of radius R is traversed at a distance r from the centre, the path length is equal to
2/=2 </(R--r-).

/(r) = \ (R- — r-\ for | r | ^ R, where R is the radius of the sphere under investigation. Equation
(1) now becomes (for |r | éi?):

exp{-S2p 2-fz)', (2)

A flow diagram of the CALICO program is given in Fig. 2. The first step is to enter data such
as the elertron optical magnification and the transmission of unexposed film material. Then the
centre of a selected sphere is located at the point of maximum transmission, determined in an
area scan. The exact location of the centre is not critical, since R (actually the radius of the
section disk under investigation) is determined from the line profile. Now the transmission is
measured in (typically) 128 points on a line scan through this centre (Fig. 3a). The correspond-
ing optical density (OD) values are calculated using the transmission of unexposed film (Fig. 3b,
upper curve). These OD values are corrected for non-linear photomultiplier response (see
Fig. 4), giving the lower curve in Fig. 3(b). For values up to approximately 1-2, the OD in an
electrograph depends linearly on the incident electron beam intensity (Valentine, 1966; Farnell
& Flint, 1975). Therefore, the corrected OD distribution of Fig. 3(b) represents the distribution
of I(r). The theoretically expected distribution of OD values is then fined to the corrected
distribution to obtain 5 (linear least-summed-squares fit). Figure 3(c) shows both the corrected
and the best fitting theoretical distributions. One value of 5 is calculated per sphere. The value
of the reduced xz> a figure for the 'goodness of fit', is also calculated. In the last part of the pro-
gram, the results of the measurements are printed and stored on magnetic disk.

RESULTS
The dry mass and the calibration factor 5 have been determined for a total number of 306

polystyrene latex spheres. To reduce the influence of the variation in sphere volume on the
calibration accuracy, the measured mass value of every sphere was corrected for the sphere
volume, derived from the area of projection of the sphere in the electrograph. Table I shows the
results of the various ways of calibration. As stated before, absolute values of the scattering factor
S depend on the actual electron microscope conditions, and are not presented here, because they
are considered not relevant within the scope of this paper.
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Fig. 2. Flow diagram of rhe CALICO mass calibration procedure.

Table 1. Results for four methods of mass calibration using polystyrene latex spheres. xV=number of
measurements, C.V. = coefficient of variation, SEM = standard error of the mean, No. (l",,) = number of

measurements required for an SEM of 1",,.

Calibration based on

Indiv. sphere masses
Indiv. sphere masses, corr. for volume variation
Sphere mass distribution *
Sphere mass distribution, with data preselection*

.V
306
306
306
108

C.V.("„)
7-6
9-5
5-3
4-9

SEM ("„) 1
0-43
0-54
0-30
0-47

Mo.ü"
58
91
28
28f

0

* Data are taken from the same set as used for Fig. 5.
128 is the number of measurements before selection.

Because photographic material is used, some measurement results (and thus the average
result) may be influenced by imperfections, such as scratches and dust particles on the film.
The influence of selectively excluding single measurements from the calculation of the average
value of S has been studied, using as omission criteria the value of the reduced x2 and the abso-
lute deviation from the average diameter. Figure 5 shows the effect of data preselection on the
coefficient of variation (C.V.) and the average S value found. In Table 1 an omission fraction of
10° 0 has been used for the data preselection method.

50



Calibration of TEM mass determination

Fig. 3. Steps in the CALICO mass calibration procedure, (a) Transmission values (vert.), measured along
the scan line through the sphere centre; Cb) (upper) corresponding optical density values, (lower) ditto,
after correction for non-linear photomultiplier response; (c) conected density distribution, with the best
fitting theoretical curve.

To estimate the influence of the BioPEPR hardware on the accuracy of individual CALICO
measurements, the centring procedure was repeated twenty times per sphere on twenty
spheres, and each time the diameter and the 5 value were determined. The average coefficients
of variation found were: 1-2",, (diameters) and 1-5",, (5 values).
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Fig. 4. Relation between the optical density as measured by the BioPIU'R system verl. and the
optical density from a calibrated grey scale.

5.5

>
Ü

4.5

2.65

2.60 E

2.55

10 20 30 40
traction of measurements

not considered I % '

Fig. 5. Dependence of the average value of the calibration factor .S' open circles and the coefficient ot
variation on the fraction oi measurements nol considered. Arbitrarily chosen data set, n~ 120. obiective
diaphragm 100 /im.

DISCUSSION
Mass calibration by the CALICO procedure is shown to be significantly more accurate than

by the conventional procedure (F-test, > - 0005). Part of the variation in the results of the
'total mass' method is due to sphere volume variations, but correction for this effect does, in our
case, not improve the accuracy. Apparently, the sphere volume cannot be estimated with suffi-
cient accuracy within the present arrangement. The data preselection in the CALICO method,
gives a slightly lower C.V. value at the 'optimal omission fraction' (see Fig. 5), but the number of
measurements needed for a given accuracy is not reduced (Table 1). The average value of 5,
calculated from the remaining data, does not vary significantly up to an omission of 50",,.
Therefore it is concluded that in most cases data preselection is not worth while.
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Variation of the electron optical magnification within the field of view is probably another
cause of the larger spread in the results of the total mass method. The calibration factor JT
depends in an inverse linear way on the election optical magnification, which can be seen after
rewriting (2). The mass II" of a specimen, however, is determined irom an electrograph by:

Us, • J.y,
IV - 1 n-(.\\, v, •

Al,, - Al.,
(3)

where /, ƒ are summation indices, i/.v,, iA , are the siep si/es » f the densitumeter at the position
v,, v; on the electrograph, and Al,,, M,,Ê are the local electron optical magnifications in the .v
and v direction, respectively. From Eq. (3) it follows that H" varies as the product of Af,,-
and AJ,,,, so that variation of the magnification will cause a larger variation in the mass values
than in the S values. According to Agar ci al. (1974) there is always some variation of the
electron optical magnification within the field of view of a TEAl. We performed test experiments
to studv the dependence of 51 on the position of the sphere in an electrograph. It was found that
5 decreases with increasing distance from £•* electron optical centre (not necessarily coinciding
with the geometrical centre of the electrograph, This was expected from the inverse dependence
of S on Al, and the increase of Al towards the electrograph edges. The experiments showed
further that this image distortion is responsible for u iirge part of the variations found (Table 1).
Concerning variation between subsequent electrographs, adjustment of the specimen height
largely reduces the changes in magnification that may occur when specimens are exchanged
(Brown, 1978). Although we did not have available a provision to adjust the specimen height, we
do not believe that this would have influenced our results to a considerable extent.

Figure 3(c) shows a good agreement between the theoretically expected optical density
distribution and the measured distribution. This confirms the observations of Bahr & Zeitler
(1965) that the polystyrene latex spheres remain spherical during preparation and electron
microscopy. Retention of sphericity is essential for the CALICO method. As a cross check,
masses of polystyrene latex spheres were measured as if they were unknown specimens, using
the value of 5 determined by the CALICO method. The average sphere mass found was 16-8 fg,
which is very close to the value of 16-7 fg calculated from the sphere size indicated by the
supplier. This demonstrates both the absence of systematical errors in the calibration procedure
and the absence of significant change of mass under the irradiating conditions applied.

The use of polystyrene latex spheres as calibration objects for the mass determination of
biological objects, which can have a composition and a density differing from polystyrene latex,
is justified by the investigations of Reimer '1961). From studies on thin films he concluded
that the amount of electron scattering per unit mass depends only slightly on the atomic number
of the scatterer, from carbon (Z=6) up to uranium (Z=92), provided that no crystalline reflec-
tions do occur. This conclusion holds for normal TEAI operating conditions, such as accelerating
voltage between 40 and 100 kV, and objective lens diaphragms of 20-100 fim in diameter.
Moreover, biological specimens usually have a low average atomic number, similar to poly-
styrene latex. Zeitler & Bahr (1965) have given maximum mass thickness values up to which the
exponential attenuation law of Eq. (1) holds. Under the conditions of the present study,
this maximum amounts to 0-6 g m -, well above the maximal mass thickness found in 312 nm
latex spheres: 0-33 g m - (density of polystyrene latex is 1050 kg m :ri.

Using the CALICO calibration method, less than half the number of measurements is
required for a given calibration accuracy, in comparison with the total mass method. When our
mass determination procedure (Linders et al., 1982b) is used for absolute mass measurement,
calibration is done at each new film (thirty-six exposures), which rakes about 15 min. The
BioPEPR system is not commercially available, but it is believi. 1 that the calibration principle,
reported here, can be implemented on other types of scanning microdensitometers, capable of
measuring density profiles in electrographs. The calibration principle may also be useful for
mass determination procedures, based on scanning transmission electron microscopy (Lamvik &
Langmore, 1977; Hagemann et al., 1977; Reimer & Hagemann, 1977a, b ; Engel, 1978; Wall,
1979).
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Abstract Introduction

In the quantitative electron probe X-ray

microanalysis of thin specimens the total mass

thickness of a specimen is often required to

express the elemental content as fractions of the

total mass. In the present paper three methods

for the measurement of mass thickness of thin

specimens are reviewed and compared as to their

applicability for use in quantitative X-ray

microanalysis. The methods are based on the use

of the continuum X-ray intensity, the

backscattered electron intensity, and the

transmitted electron intensity, respectively.

From experimental results, it is concluded that

the mass measurement method, based on the

transmitted electron intensity, gives more

accurate mass values than does the continuum X-ray

method. The use of an independent mass

measurement method is advantageous when low

temperature oxygen plasma ashing is applied to

lower X-ray analysis detection limits. In this

way, elements present in ashed specimens can be

expressed as fractions of the original specimen

KEY WORDS: Mass determination, electron probe,
quantitative X-ray microanalysis, thin biological
specimens, continuum X-rays, backscattered elec-
trons, transmitted electrons, spray droplet model
specimens, low temperature oxygen plasma ashing.

*Address for correspondence: See above.
Phone: (The Netherlands) 80514334 or 80514329.

Electron probe X-ray microanalysis (EPXMA),

applied to thin specimens, allows the user to

study the elemental composition of the specimens

at high topological resolution. EPXMA combined

with scanning transmission electron microscopy,

therefore, offers a unique possibility to conduct

morphological and chemical investigations on sub-

micrometer levels simultaneously.

However, quantitative EPXMA, used to

establish elemental concentrations or rather mass

fractions, is not a very straightforward

technique, not even for thin biological specimens

[73] . This is especially true when

energy-dispersive (ED) X-ray spectrometry is used

[71,72]. EPXMA is hampered, not only by difficult

specimen preparation techniques, but also by

aspects of the quantification process, e.g.

separation of overlapping peaks and separation of

peaks from background, as well as by aspects of

instrumental design, e.g. reduction of extraneous

radiation and optimal take-off angles

[4,7,8,21,32,49,71,74,75,78,79,89]. Furthermore,

beam induced specimen alterations such as

contamination and mass loss can influence

quantification adversely [6,31,71,82]-

Quantitative EPXMA requires information on

element mass present in the specimen and on the

total (dry) mass of the specimen. Data on element

mass can be derived from detected characteristic

X-rays. The total mass of the analyzed volume can

be calculated when all elements present are

quantified. However, this is usually not

possible, or at least not practicable, when

biological specimens are analyzed, so that other

methods must be used.

It is the purpose of the present paper to

describe and compare three mass determination

methods for use in quantitative EPXMA of thin

biological specimens. The methods use signals

which are available when thin specimens are

studied in an electron microscope: continuum

X-rays, backscattered electrons and transmitted

electrons.
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Symbol table

Symbols
tl

A

E

G

I

N

V

Z

ds

dt

dm

mo
c,k,p

a, x

q(E)

Subscripts

bs

co

tu

ts

yield factor

atomic mass in a.m.u.

electron energy

correction factor, depending on

specimen composition

intensity of the electron beam

number of atoms per unit volume

X-ray energy

atomic number

thickness of thin specimen

thickness of small layer of thin specimen

mass thickness of thin specimen

unit of atomic mass

constants

power constants

factor depending on electron energy

index number

original (e.g. beam intensity)

backscattered electrons

continuum X-rays

transmitted, unscattered electrons

transmitted, elastically scattered

electrons

Abbreviations

BSE

CTEM

ED

EPXMA

LTPA

STEM

TE

backscattered electron(s)

conventional transmission electron

microscope

energy dispersive

electron probe X-ray microanalysis

low temperature (oxygen) plasma ashing

scanning transmission electron

microscope

transmitted electron(s)

a.m.u.: atomic mass unit

Mass determination using continuum X-rays

Theoretical

In today's practice of quantitative electron

probe X-ray microanalysis, the continuum method

[29,55] is the technique most frequently used to

measure the total mass of the analysed volume in

thin specimens. From experimental data, cited in

[55], it was concluded that the intensity, in a

given energy band, of the continuum X-rays emitted

by an electron irradiated specimen, is related to

the specimen mass thickness. The intensity I of

the X-ray continuum in a small energy band,

ranging from V to V+dV, emitted by a specimen of

thickness ds is approximately given (after [29])

by:

is

the incident electron beam

constant which incorporates

parameters,

intensity, k is a

a.o. geometrical

is the (incident) electron energy,

and N is the number of atoms of element i, with

corresponding atomic number Z^, present in the

analyzed volume. The mass thickness dmt of the

same specimen is equal to:

dm —= Z(N..A1.mo) ds

and

(2)

iswhere A. is the atomic mass in a.m.u.

one-twelfth of the mass of a C atom. The ratio

of I and dm can now be written as:

co
din

dV

V

where (Ni.A1) ds

When the variation

G

in

(3)

is

In (1), n is the continuum yield factor.
CO

elemental composition

small, G can be considered to be a constant. The

relationship between I and d _ then becomes
co mt

independent of the specimen composition. Now I

can in principle be used as a reliable measure for

the specimen mass thickness of various specimens

that are analyzed under identical conditions. For

most biological specimens, largely consisting of

hydrogen, carbon, nitrogen, and oxygen, the

G-factor does not vary considerably. However,

local deviations from the average composition may

require correction of the relation between

continuum intensity and mass thickness. This

demands the approximate quantification of all

elements present in the specimen. The average

G-factor for dry biological specimens ranges from

3.0 to 3.4; for hydrated biological specimens the

G-factor is approximately equal to 3.7 [23,30].

When elemental standards are used that have a

different G-value, corrections are required

[13,23].

Accuracy

The accuracy of the continuum method is

stated to be about 10% [55]. However, accuracy

figures of 20-25X have also been reported

[17,42,65]. It must be realized that this accuracy

figure concerns the mass measurement only and that

the figure for elemental mass fraction

determinations will be higher, due to additional

variance in the quantification of the

characteristic X-ray intensity [8].

Pro continuum method

The use of the continuum method is widespread

because it has several favourable characteristics:

- with an ED spectrometer, continuum X-rays and

characteristic X-rays are recorded essentially

simultaneous, so that no additional time and/or

instrumental Investments are required.

- since both X-ray signals are recorded

simultaneously, they are influenced by the same

beam current pattern, so that no beam current
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stabilization is necessary for mass fraction

measurements.

- in thin specimens, both X-ray signals

originate from the same soecimen volume (dis-

regarding the extraneous radiation).

Contra continuum method

Several drawbacks of the continuum method

have been reported:

- the composition effect, expressed in the

G-factor, may cause considerable uncertainties in

case not all elements present are determined.

- the unavoidable presence of X-ray continuum in

a spectrum adversely influences the quantification

accuracy. Since the continuum is not emitted

isotropically, in contrast to the characteristic

X-rays [89], one may optimize the design for the

preferential detection of characteristic X-rays

[7,18,89]. But this reduces the accuracy of the

continuum measurement. This problem may be solved

with an extra ED spectrometer, used for continuum

registration only [29],

- the detected continuum radiation is only a

small fraction of the amount of continuum

radiation emitted, since the spectrometer solid

angle of acceptance is usually not more than

0.1 sr. This means that the available signal is

used rather inefficiently.

- since characteristic radiation is also present

in the X-ray spectra, not all detected continuum

radiation is used for the mass determination. To

avoid problems of peak-background separation,

energy 'windows' are selected In a peak-free

region*

- in particular with thin specimens the

relationship between detected continuum radiation

and analyzed mass can be disturbed severely by

'extraneous' continuum radiation. This radiation

originates from the specimen environment and is

generated by beam electrons outside the focused

probe, by hard X-rays generated somewhere between

electron source and specimen, and by electrons

scattered by the specimen [21,35,72,88]. The

intensity of the extraneous continuum depends

amongst others on the support film thickness, grid

mesh size and the proximity of a grid bar

[Boekesteln et al., in preparation], and can be a

significant part of the total continuum intensity.

Correction of the continuum signal for the

extraneous continuum is required e.g. by a blank

measurement [30]. A full correction procedure,

using the intensity of the characteristic X-rays

emitted by the grid [72j, however, is difficult

and relatively time consuming. Moreover, the

correction can only be performed when support

grids are used that produce characteristic

radiation.

- beam induced specimen alterations like mass

loss [14,31,33,81,82] and contamination [19,39,44]

may lead to mass values that differ from the

original specimen mass. Using ultra-low

temperature (4 K) specimen stages [11,12,33], and

_o

ultra-high vacuum conditions, (4.10 Pa) [41],

the effects of these phenomena can be minimized.

Most present day microanalyzers, however, do not

meet these requirements.

Conclusions

Notwithstanding the limitations given, the

continuum X-ray signal is useful for specimen mass

determination. The maximum allowable specimen

thickness is estimated to be 5-10 nm [29], roughly

equal to a mass thickness of 10 g.m » Since the

continuum method was devised only for relative

mass measurements - ratios of peak to continuum

intensities are used - mass calibration is noc

necessary.

Mass determination using backscattered electrons

Theoretical

Backscattered electrons (BSE) are primary

electrons scattered by the specimen over angles

larger than rc/2 rad, due to strong interactions

with the specimen atoms. In a review paper by

Niedrig [62], the physical background of electron

backscattering is treated extensively. From

Niedrig's studies, and from the work of other

authors, it can be concluded that BSE can be used

to measure the thickness of thin films and to

determine the mass thickness of both metallurgical

and organic specimens [24,43,60,61,^3,68).

The process of electron backscattering can be

described by a combination of the simple

Rutherford scattering theory and an electron

diffusion process [62,63,87]. As long as the

specimens are thin enough, the intensity I. of

Figure 1. Differential elastic electron scatter-
ing crass section for carbon and gold according to
Rutherford's theory, with Wentzel's correction for
small angle scattering and Mott's correction for
large angle scattering by high-Z atoms. Incident
electron energy 30 keV. Courtesy of Prof. Niedrig.
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the electrons backscattered by a specimen of

thickness ds can - in analogy with the previous

section - be written as (after [61,62)):

bs bs .ds
ds

where p is a constant in which the subtended solid

angle of acceptance of the BSE detector is

incorporated.

Due to the angular dependence of electron

backscattering, the mere position of a BSE

detector - with a given acceptance angle -

influences the amount of BSE detected 137]. For

illustration, fig. 1 shows an angular plot of the

differential cross section for electron scattering

by two elements: carbon and gold. The differential

cross section corresponds to the relative

possibility for a given electron to be scattered

over a particular angle. The angular effect plays

a minor role when a Faraday cage is used to

measure BSE [A3,59] because of the usually large

acceptance angle ( < 2n sr). The more recent

semiconductor BSE detectors [37,80] are far more

sensitive than are Faraday cages [61], but usually

subtend smaller angles. However, for amorphous

specimens, as most biological specimens are, no

detector position related problems are expected,

because preferential backscatter directions are

usually absent [37].

Also for the BSE method we can write the

ratio of

specimen:

dm„

I. to the mass thickness dm of thebs t

(5)
ds

Equation (5) shows that the ra t io of I. to dm
for thin films also depends on the specimen
composition, and in a similar way as does the
ra t io of I to dmt, shown previously. Equation
(5) holds only for thin specimens, where single
backscattering ( i . e . the electrons are scattered
only once) is the most important mechanism for BSE
generation. When the specimen thickness increases,
multiple scattering over small angles will become
the predominant scattering mechanism, thereby
al ter ing the linear relat ion between mass
thickness and BSE in tens i ty . Finally, for thick
(bulk) specimens, the BSE yield factor n, is
related to Zx, with x = 1 up to Z = 30 and x < 1
for Z > 30 [66] , but then there is no clear
relat ion between I and specimen mass thickness.

A linear relation between the BSE intensity
and mass thickness of metal films holds up to mass
thickness values of 5-10 g.m using 50 keV
electrons [61]. The linear region in the relation
between mass thickness and large angle scattered
electron signal holds for polystyrene up to at
least 5 g.m" with 40 keV electrons [24,68],
corresponding to a biological specimen thickness
of about 5 urn. Large angle scattered electrons are

not actually BSE, but their scattering behaviour

is largely the same [24].

Pro BSE method

- in principle, the recording of BSE can be done

with high efficiency by using a detector that

subtends a large solid angle: for flat specimens

(e.g. sections) nearly 21 sr may be realised. This

means a much more effective use of the potential

signal (an increase of up to 60 times) as compared

to the acceptance angle of 0.1 sr for most ED

X-ray spectrometers.

- also the total BSE signal measured can be used

for the mass determination: no energy window has

to be selected.

- the increase in available signal will allow

more accurate measurements to be made. One may

integrate the BSE signal for the duration of the

analysis. However, one can also integrate the BSE

signal over the first few seconds of the analysis,

to reduce the influence of possible specimen mass

loss or contamination on the mass measurement.

Contra BSE method

- one objection, that can be made against the

use of BSE to measure thin specimen mass thickness

values, is the same as the objection to the

continuum method: the relationship between mass

thickness and measured signal depends on the

G-factor. However, with the same assumptions and

precautions as have to be made using the continuum

method, mass thickness measurement: with BSE is

feasible.

- when the results of the BSE mass measurement

are to be compared with the X-ray analysis, and

the BSE are not collected during the entire

analysis, beam current stabilization is a

prerequisite. One should then also correct for

varying analysis times.

- measurement of the BSE signal will require

additional investments, because the signal must be

quantified. For the more recent X-ray analysis

systems, the additional costs for an extension,

that allows simultaneous recording of X-rays and

BSE will be relatively low [26, Linders and

Hageraann, submitted]. Recently, it was shown

that one can also employ an X-ray multichannel

analyzer very well for the digitization of the BSE

signal [28].

Conclusions

In figure 2b and 2d the feasibility of mass

measurement with BSE is indicated. In figure 2b

the BSE image is shown of droplets consisting of

mainly sucrose and calcium on a thin

carbon/aluminium film (see also the section on

experimental results). The diameter of the

droplets shown is less than 1.5 \im; the maximum

mass thickness is estimated to be about 0.4 g.m ~.

Figure 2d shows a Y-modulated display of the BSE

signal from a line scan between the arrows

indicated in fig. 2b. The small signal

necessitates high amplification and hence a

relatively large noise can be seen. However, there

4
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Figure 2. Sprayed droplets, bright field
transmitted electron image (2a), backscattered
electron Image (2b). Y-modulated display of line
scans through points indicated by arrows, trans-
mitted electron intensity (2c), backscattered
electron intensity (2d). Accel, voltage 80 kV.

is good qualitative agreement of this BSE signal
with the corresponding transmission images
(figs. 2a and 2c; see also next chapter).

Especially for EPXMA of biological specimens,
where relatively high beam currents are practice,
the BSE intensity is sufficiently high to be
measured. From a 1 nA current of SO keV electrons
incident on a typical (flat) biological specimen
of mass thickness 1 g.m~ (» 1 urn thickness) an
emitted BSE Intensity of about 2 pA (after [61])
would result, which is readily measurable. The BSE
can be used for mass (thickness) measurements both
when performing a spot analysis and an area
analysis. Total mass values of objects are
determined by integrating the mass thickness over
a given area.

At present it is not known how serious the
effect of 'extraneous BSE' will be. However, when
an electron outside the collimated beam strikes a
grid bar, it can result in at the most one
extraneous BSE, whereas the same electron may
generate several continuum X-ray quanta. The
difference between the depth from which BSE still
can leave the specimen and the electron
penetration depth [70] is not of interest as long
as the investigated specimens are thin.

As far as the authors are aware, the BSE have
not yet been used for mass measurements in
quantitative EPXMA. Only Ingram [40] used the BSE
intensity to estimate the continuum X-ray
intensity present in wavelength-dispersive
spectrometer output values. The comparison of the
BSE method for mass determination with the
continuum method for use in quantitative EPXMA
should therefore be the subject of further study.

Mass determination using transmitted electrons

Theoretical
Besides what has been mentioned before,

transmitted electrons (TE) can also be used to
determine the mass thickness of thin biological
specimens. Already in 1941 the usefulness of the
TE signal for mass measurements was demonstrated
by Marton and Schiff [56]. In their study the
normal contrast in bright field TEM images was
used. In the years following, this approach was
elaborated, and methods for routine mass
measurements of isolated biological specimens were
developed 12,10,27,90). The mass determination
methods were also adapted for measuring mass in
sections of biological material [58,76]. Using TE,
specimens with mass values in the range of
10 to 10 g can be measured, provided that
the specimen mass thickness does not exceed
0.6-1.0 g.m , depending on accelerating voltage
[64,69,92]. The lower limit of the measurable mass
range can be decreased to about 10 g with dark
field TEM [9]. After the development of the
scanning transmission electron microscope (STEM),
this type of EM has been employed extensively for
biological specimen mass determination. The STEM
is a very promising instrument for mass
measurements on relatively thick specimens [22].
Up to now, STEM has been used mostly to measure
mass values in the very low masB range, even down
to kilo-Daltons [15,16,45,46,47,862, In the higher
mass thickness range (0.1-1 g.m ), of more
interest to EFXMA users, the conventional TEM
(CTEM) approach is still the most applied method
[3,52,57).

Analogous to the previous methods, the
intensity I of the transmitted electrons,
scattered over a given angle by a specimen with
thickness ds, can be written as:

I - n . I . ds (6)
ts 'ts lo

In T) , the scattered TE yield factor, the atomic
cross sections for electron scattering are
incorporated. The relevant scattering angles for
CTEM/STEM imaging are of the order of 1-100 mrad.
Scattering of electrons over such small angles can
be regarded as a passage of the electrons at a
relatively large distance from the atomic nuclei
[91]. Now the partial screening of the nuclear
field by the electron cloud must be taken into
account [48]. The simple Rutherford scattering law
no longer holds: the cross sections for low angle
scattering would become infinitely large. A
possible solution for the calculation of low angle
scattering cross sections is given by Wentzel's
theory, indicated in figure 1 [62].

From experiments carried out by Hall (27],
Reimer [67] and Zeitler and Bahr [92], it follows
that for normal CTEM conditions (i.e. accelerating
voltages 40-100 kV and objective apertures of
1-20 mrad), the scattering cross section depends
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on Z , with 1 < a < 1.33, for a very large range
of Z values. The value of a depends slightly on
accelerating voltage and apertures, and is close
to unity for small apertures [67]. Now I [ s can be
written as:

(7)= I ds

where q(E) is a factor depending on E only.
Calculating the ratio of I to dm gives:

q(E)
(N..Z ) ds

(8)

The right part of (8) does not show the Z~/A
dependence of the G-factor, but only a Z /A
dependence. For the limited range of atomic
species, present in significant amounts in
biological matter, the right part of equation (8)
can be considered to be constant, with a much
better 'constancy' than is true for the two
methods described above. This makes the dark field
TE signal very useful for mass measurements.

Equation (7) is only valid for single elastic
scattering. This condition holds only for very low
mass thickness values: up to 0.03 g.m - about
30 nm specimen thickness - according to Lamvik and
Langmore (calculated for STEM) [46]. From figure 1
it can. be seen that the cross sections for small
angle scattering are several orders of magnitude
larger than are the cross sections for large angle
scattering, so that multiple small angle
scattering rapidly occurs. Therefore, dark field
TE mass measurement will not be of much interest
to EPXMA users.

It is, however, possible to use transmitted
electrons to measure the mass thickness of thin
specimens, but then bright field imaging should be
used. This allows higher mass thickness values to
be measured than can be done using the intensity
of the scattered electrons. Once an electron has
been scattered outside the narrow cone of
transmittance (1-20 mrad), that is defined by the
objective aperture (for CTEM) or brightfield
detector acceptance angle (for STEM), it has a
very small probability to be scattered back into
the cone. The decrease of the intensity of
unscattered electrons (actually: the electrons
transmitted through the aperture) can now be used
as a measure for the specimen mass thickness.
Considering the intensity I of a beam of
unscattered electrons after passing a specimen of
thickness ds (assuming electron backscattering to
be negligible):

The decrease dl of the beam of unscattered
electrons due to electron scattering in a very
small layer of thickness dt is now given by:

dl
tu

= - dl
ts

(10)

The linear relation (8) between I and the mass
thickness is used to convert equation (10) to:

dl
tu

- I . dt (H)

where c is the right part of (8), except for the
beam Intensity. The use of (8) is permitted, since
only very small specimen layers are considered at
the time, and all eleccrons that have been
scattered outside the cone of transmittance are
ignored furtheron. This is why I must be inserted
in equation (11) instead of IQ. Equation (11) is a
differential equation that, when integrated,
becomes:

(12)I = I exp (-c.dm )
tu 0 t

where I is the intensity of the unscattered
electron beam after passing the specimen. Both I
and I can be measured, and allow the deter-
mination of relative mass thickness values of
various kinds of specimens, since c depends only
little on the specimen composition. When the value
of c is found, either empirical or by calculation,
even absolute mass thickness values can be
determined. Usually, absolute mass thickness
values are not required in quantitative EPXMA.
Equation (12) holds up to mass thickness values of
0.6-1 g.m , depending on the accelerating voltage
used [92]. Above these values, however, one can
still determine mass thickness values, once having
determined accurately the deviation from the
exponential relation (12) [68].
Accuracy

Both STEM and CTEM based methods of mass
(thickness) measurement using TE have been studied
in relation to quantitative EPXMA [34,50,51].
Halloran et al. developed an elegant method for
quick mass thickness measurements on sections
[34]. They used the Y-modulation of the STEM CRT
(compare figs. 2b and 2d) at calibrated gain
settings to measure I and IQ. The method is very
suitable for local mass thickness measurements
(spot measurements), but practical problems arise
when integration of mass thicknesses over a given
area must be performed. The accuracy of the
combination of mass thickness measurement and
EPXMA is estimated to be 10% [34]. Our approach is
based on CTEM, and uses a computer controlled
scanning microdensitoraeter for the evaluation of
CTEM-negatives [52]. The accuracy of the relative
mass determination is better than 5%, as measured
on 312 nm polystyrene latex spheres. Mass fraction
measurements using EPXMA and the densitometric
mass determination method were carried out on
sprayed and air-dried droplets [1,54] as model
specimens [50,51]. The droplets, with dry masses
ranging from 10 -10 g, consisted of calcium
choride (0.78% Ca (w/w)) in an organic matrix
(sucrose) to resemble biological specimens. The
accuracy of the mass fraction measurements was
13%. The mass fraction calculations based on the
continuum method resulted in an accuracy of 31%
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151], When the 5% accuracy of the TE based mass

determination method is compared to the 13% of the

mass fraction measurements, it seems t-hat even a

higher accuracy for elemental mass fraction

determination is attainable by choosing more

apropriate X-ray analysis conditions.

Conclusion

It appears that transmitted electrons are

very suited for mass measurements for use in

quantitative EPXMA. Although the maximum allowable

specimen mass thickness is about 0.6-1 g.m ", and

limits the applicability of the method to

thin/semi-thin specimens, many electron probe

studies might profit from the 'densiti-iftric' mass

measurement.

Experimental verification

Me thods

In order to verify the assumption, described

ï n the previous section, that elemental mass

fraction determinations can be performed with a

higher accuracy than was possible up till now, the

Eollowing experiment on model specimens was

carried out. To a 10% (w/w) aqueous solution of

sucrose (Merck, Darmstadt, FRG) calcium chloride

was added to give two solutions with final calcium

dry mass fractions of 0.75% - and 0.94%

respectively. Both solutions were nebulized [1,54]

onto a 10 nm thick carbon support film,

strengthened by a 4 nm thick evaporated layer of

aluminium, and the specimens were air dried.

Copper finder grids (200 mesh; TEBRA, Hilversum,

The Netherlands) were used. The droplets, lying

intermingled on the film, could not be

distinguished from each other by visual

inspection. The dry mass of 67 droplets was

measured with the CTEH mass determination method

described elsewhere [52]; the droplet mass ranged

from 13.1 fg up to 1.45 pg. X-ray spectra of the

same droplets were recorded in a PHILIPS EM400G,

equipped with a STEM attachment and an EDAX 7O7B

energy dispersive X-ray analysis system (10 mm

detector area). Analysis conditions used were:

80 kV accelerating voltage, 36 take-off angle,

400 s live time, 2-5 nA beam current at the

specimen. For low X-ray background, the microscope

was equipped with thick anti-stray apertures and a

beryllium specimen holder was used. The relative

beam current intensity was measured by reading the

exposure meter of the microscope [77]. The small

STEM scan ras ter was used and the STEM

magnification was adjusted to just enclose the

droplet to be analysed. A gross spectrum was

recorded for each droplet (fig. 3, upper

spectrum). Under the same conditions a blank

spectrum was recorded on an adjacent area

containing support film solely (fig. 3, lower

spectrum). Two background regions in the spectrum,

not including characteristic peaks, were defined

at centroid energies of 3000 eV (width 200 eV) and

. ' Ca

3 4 5

energy (keV)

Figure 3. Gross spectrum of a 1.45 pg sucrose
droplet, containing 0.75% calcium (w/w), and blank
spectrum of adjacent area (lower), recorded under
identical conditions.

4500 eV (width 400 eV). A third region, 200 eV

wide, containing the Ca Ka peak, was chosen at the

centroid energy of 3700 eV. The two background

regions were used to estimate by linear

interpolation [70] the continuum intensity

underneath the Ca Ka peak in the gross spectra,

giving the net Ca Ka intensity. The continuum

intensity underneath the Ca Ka peak, for use in

the continuum method, was determined in net

spectra, obtained by subtracting a blank spectrum

from the corresponding gross spectrum. In this

way, most extraneous background can be removed.

Typical values of the net peak to background ratio

varied between 3 and 5 for the gross spectra, and

between 8 and 12 for the net spectra.

Results and discussion

The calcium dry mass fraction per droplet was

determined using both the continuum method and the

transmitted electron (TE) method. With the last

method, the droplet masses are found independent

from the actual X-ray analysis. Therefore, the net

Ca Ka peak intensities had to be corrected for the

varying electron doses per unit area imposed

during X-ray analysis, resulting from the varying

magnification. In figs. 4 and 5 the results of the

mass fraction determinations of the same set of

droplets using both methods are given. Fig. 5

clearly shows a bimodal distribution, whereas

fig. 4, representing the results obtained by the

continuum method, shows no sign of bimodality. The

ratio of the mass fractions belonging to the two

maxima in fig. 5 amounts to 0.83, a value close to

the calculated ratio of 0.80.

The accuracy of the calculation of the net

CaKcc peaks from gross spectra, resulting mainly

from statistical variation, amounts to 3-5%.

Taking into account the accuracy of the mass

measurement method, 5% [52], the accuracy of the

mass fraction measurements can be expected to be
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6-7%. This value corresponds well to the results

shown in fig. 5.

The increase in accuracy, obtained by this

method for elemental mass fraction determination,

«ill not lead to an increase in analytical

sensitivity. The latter is directly related to the

statistical significance of the X-ray peak in

question 1^,74]. A specimen preparation technique

leading to lower detection limits for a number of

elements is the 'low temperature oxygen plasma

ashing' (LTPA) [5,20,83,85]. LTPA removes most of

the organic matrix of a biological specimen while

retaining a substantial degree of ultrastructure

[36,84], and with complete, or nearly complete

retention of elements like Na, Mg, Al, Si, P, K,

and Ca [38,85]. When, after LTPA, elements are to

be quantified as fractions of the original dry

mass, this dry mass must be measured prior to the

LTPA treatment. Application of the continuum mass

measurement method does not seem very practicable

here, as two separate X-ray measurements have to

be carried out.

The droplet model specimens are well suited

to investigate the usefulness of LTPA techniques.

Figure 6 shows the results of mass fraction

measurements using the TE method before, and ED

X-ray analysis after LTPA treatment of droplets.

For the LTPA we used a Plasmaprep P 100 plasma

asher (Nanotech Ltd., Manchester, UK) at an oxygen

flow of 5 ml/min and at 10 W absorbed RF power.

After about 20 min the maximum decrease of

specimen mass was attained. Figure 7 shows the TEM

images of a droplet, taken before (fig. 7a) and

after LTPA (fig. 7b). The X-ray analysis

conditions were as described above, except that

the analysis live time was 200 s. The decrease in

accuracy due to the shorter counting times as

compared to the experiments summarized in fig. 5,

appeared to be compensated nearly wholly by an

increase in accuracy as a consequence of the

reduced continuum radiation. Together with this

reduction of X-ray analysis time, an extra

reduction of analysis time (amounting to a factor

of 2) is realised since no blank spectra have to

be recorded. The ratio between the modal mass

fractions belonging to the two maxima in fig. 6 is

0.83, again close to the calculated value of 0.80.

The proportion of the number of low mass fraction

droplets to the number of high mass fraction

droplets may differ from the previous experiment,

since a different set of droplets was measured.

To illustrate the possible improvement that

can be obtained with LTPA, the net X-ray spectra

of an individual sucrose droplet before and after

LTPA treatment are shown in fig. 8. Besides

sucrose, the droplet contained CaCl and HnSO,.

The droplet dry mass was 2.5 pg, with a Ca and Mn

mass fraction - before LTPA - of 0.1% and 1.0%,

respectively. The LTPA treatment used was the same

as described above. The upper spectrum in fig. 8

shows the net spectrum before LTPA, the lower

spectrum is the net spectrum, recorded after LTPA.

The analysis conditions were as described above,

with the exception of the analysis live time,

which was 800 s. The increase in the net peak to

background ratio of calcium is evident. It is also

clear that the elements sulfur and manganese are

not resistant against the LTPA treatment.

Conclusion

In conclusion it can be stated that, for the

elemental analysis of thin specimens by EPXMA, the

bright field transmitted electron signal is to be

preferred over the X-ray continuum for use in

total mass measurement. The use of the TE mass

measurement method leads to a substantial increase

in the accuracy of the mass fraction determination

with EPXMA. Moreover, the electron dose necessary

to measure the mass is several orders of magnitude

smaller than during the actual EPXMA, thus

decreasing the effects of mass loss and

contamination on the mass determination. The

method is applicable to specimens with a thickness

up to about 1 urn. Thicker specimens can also be

used, especially in STEM [22,68], provided that

the deviation from the exponential beam

attenuation - due to multiple electron

scattering - is corrected for [68]. Application of

the TE method on a computerized STEM/X-ray

analysis system 126] will not only lead to a

method suited for somewhat thicker specimens, but

also to a highly flexible method [25] . This

approach would allow to measure the masses of thin

specimens faster and more accurately than has been

possible up till now with the continuum method.

The application of the backscattered electron

method for mass measurement seems to lie in

particular in the field of X-ray analysis of

specimens that are relatively thick for the TE

approach: thickness > 0.5 um. Also of importance

Is the fact that this principle can be implemented

in microprobes that do not have a TE detector.

More experiments are required before clear

conclusions can be drawn on the importance of the

BSE method for quantitative EPXMA.

The use of LTPA as a preparative technique

for elemental preconcentration offers the

possibility to lower the detection limits for the

elements stable to LTPA. When mass fractions are

wanted, the total mass must be measured prior to

the LTPA treatment. The TE mass determination

procedure, developed by the authors, leads to good

results. If the specimen mass could be measured in

situ, then a separate preparative step could be a

disadvantage. It does not seem improbable that,

should LTPA prove to be a preparative technique of

importance in the EPXMA field, mini-LTPA devices

will be developed, for mounting on a microprobe,

and requiring a minimum of specimen manipulation

between mass measurement, LTPA and X-ray analysis.
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Figure 4. Distribution of the relative calcium
mass fraction values of 67 spray droplets, based
on the continuum mass measurement method.

Figure 5- Distribution of the relative calcium
mass fraction values of the same droplets as used
for fig. 4., based on the transmitted electron
mass measurement method.
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Figure 6. Distribution of relative calcium mass
fraction values of 80 spray droplets, based on
mass measurement with transmitted electrons before
LTPA, and X-ray analysis after LTPA.
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manganese (w/w), before (upper) and after LTPA.
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Discussion with reviewers

G. Rooraans: It is ray opinion that a blank
spectrum, obtained from support film only,
systematically underestimates the external
continuum. Therefore, the applied correction
procedure is insufficient. Minor improvements may
further be obtained by selecting other background
regions and by using a non-linear background
interpolation method. Does your conclusion still
hold after applying the continuum method as
careful as is possible?
Authors: In general, your comment concerning blank
spectra is correct: it does not include the
contribution to the continuum caused by specimen
scattered electrons that hit grid bars, etc.
Correction for this contribution is not very
straightforward. A full correction procedure
requires knowledge of the various sources of
external background and their relative importance
for each analysis position (see also [72]). Such a
procedure demands quantification of the
characteristic radiation, emitted by grid,
specimen holder, etc., which introduces additional
variation. The use of low-Z materials, such as Be
and C, for the construction of the specimen
environment would not allow such a complete
correction. See also Nicholson et al., (J.
Microscopy, 125, 1982, 25-40), who use aluminium
for constructing material, because it produces
detectable characteristic X-rays. Although a
slight improvement may be achieved for the
continuum method at large effort, we believe that
our main conclusions still hold. Actually, the use
of an independent mass determination method, as
shown here, is compatible with the use of very low
Z materials for the specimen environment. Hence,
such an approach is favourable to the analytical

quantification, since the external continuum can
be minimized.

C.E. Fiori: Where in the densitometry process do
the errors occur, and how is the densltoraeter
calibrated?
J. Hainfsld: Please discuss sources and magnitude
of errors of the mass measurement more thoroughly.
Authors: The major contribution to the
densitometry error stems from the varying position
of the object with respect to the densitometer
optics. Since the densitometer is a CRT-flying
spot type, variations in local fluorescence yield
and effective aperture cause position dependent
variations in the resulting mass value. The second
major cause for the variance in the output values
is the position of the object with respect to the
CTEM negative, i.e. image distortion. The latter
is, however, inherent to the use of CTEM. More
details can be found in [52].

J. Hainfeld: Have you used other standards for the
calibration of the mass measurement method, e.g.
glutamine synthetase or tobacco mosaic virus?
These give lower mass errors ( = 2%) than the
values you show.
Authors: Only polystyrene latex spheres have been
used as mass standards. Although we did not aim at
determining absolute mass values in the experi-
ments described here, some means of comparing
results from various series of micrographs was
required. In a recent paper the method we have
used for this purpose is described [53]. The
method is based on the measurement of the mass
distribution within Individual polystyrene latex
spheres. By measuring 30 spheres, an s.e.m. value
of less than 1% for the mass calibration can be
obtained.

J. Hainfeld: With respect to the TE method, no
distinction is made between elastic and inelastic
electron scattering, although this seems
important. Please comment.
Authors: The angular distribution of Inelastically
scattered electrons is much narrower than is the
distribution of elastically scattered electrons
(AV Crewe & T Groves, J. Appl. Phys., 45_, 1974,
3662-3672). In conventional TEM, practically all
of the inelastically scattered electrons will pass
through the objective aperture. Therefore, these
electrons do not contribute significantly to the
image contrast. As specimen thickness increases,
and multiple scattering occurs, a broadening of
the angular distribution of the inelastically
scattered electrons will result. Now these
multiply (inelastically) scattered electrons may
contribute to the image contrast, most likely with
specimens consisting of low Z atoms: for these
atoms, the scattering cross section for inelastic
scattering is larger than for elastic scattering
(from [46]). However, it will play an unimportant
role, because, at mass thicknesses where the
multiple inelastic scattering is significant, most
of the inelastically scattered electrons will also
have suffered elastic scattering over much larger
angles.

J. Hainfeld: A lower value of a for the power of Z
in eqs. 7 and 8 has been found (JS Wall, Chemica
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Scripta, (1978-1979), 14^ 271-278); please discuss
results and implications.
Authors: In the reference of Hall given, heavy
atom cross sections for semi-large angle electron
scattering (40-200 mrad) are presented, expressed
as carbon atom equivalents. The values found for
the scattering power of W, Pt and U, about a
factor 2-4 lower than predicted, depend strongly
on the assumptions made, e.g. on atom
displacement, organic mass loss and thickness of
the stain layer. It appears that organic mass loss
may account partly for an underestimation of the
carbon equivalence factor (Wall et al.,
Ultramicroscopy 8_, 1982, 397-401). When a
zero-dose extrapolation is made (in figure 2d of
the 1982 reference), the mass of an undecagold
cluster is about 4630 dalton, whereas about 3800
dalton would be expected with each gold atom
counted as 10 carbon atoms. The mass deficit can
be explained by taking one gold atom equivalent to
about 23 carbon atoms. This value agrees much
better with the scattering theories than the value
of 10. Reiraer [67] has established - in bright
field transmission - experimental values for the
scattering power of U and Pt, measured on films,
and found no strong deviation from the theoretical
values. Biological EPXMA specimens are mostly
examined unstained, and the natural heavy atom
content is usually very low. The influence of a
small amount of heavy atoms on the TE mass
measurement can usually be neglected, thanks to
the Za/A dependence in eqs. (7) and (8). If the
scattering power of heavy atoms appears to be
related approximately linearly to Z, this
restriction can be discarded.

M. Lamvik: In comparing figures 4 and 5, what
criterion has been used to decide which is the
most accurate representation of the actual mass
fraction distribution?

Authors: The judgement on which distribution
represents the mass fraction distribution best has
been made visually. We consider figure 5 to be
representative for the actual mass fraction
distribution in the specimens examined. This is
supported by the ratio of 0.83 between peak mass
fraction values. The slight deviation from the
initial value of 0.80 is probably due to
overlapping of the sub-distributions. The
distribution of figure 4 does not show peaks at
all.

Ĝ _ Bahr: Experiments show that a linear
relationship between contrast and mass thickness
may be attained up to half the mass thickness
stated (0.5 g.m"2 instead of 1 g.nT 2). Multiple
scattering will certainly be involved then.
J. Hainfeld: The TE method can easily be extended
to thicker samples than stated (AV Crewe, T Groves
(1974) J. Appl. Phys. 4_5. 3662-3672); please

discuss.

M. Lamvik: What criterion is used in setting the
mass thickness limits for each measurement method?
Authors: Concerning the TE mass measurement, the
relation between mass thickness and (bright field)
beam attenuation is, for thin specimens, an
exponential one. In the first part of this
relation, the exponential can be approximated by a
linear relation by discarding all non-linear terms
in a series expansion. When multiple electron
scattering is frequently involved, the exponential
relation is no longer valid. Mass thicknesses in
this region can still be determined, after
corrections have been made for the deviation from
the exponential function [68]. The mass thickness
limits, given in this paper, are taken from the
referenced literature, either directly or from
figures.

M. Lamvik: Have you also obtained mass values with
a~~transmïi~sion detector of a STEM?
Authors: In cooperation with the STEM group of the
University of Leiden (The Netherlands), we have
performed mass measurements of the sucrose
droplets with bright field STEM. We have not yet
been able to obtain an acceptable degree of
measurement reproducibility.

J. Hainfeld: What are the effects on signal to
noise and accuracy of using various detectors
(i.e., bright field, small angle (20-40 mrad) and
large angle (40-200 mrad) dark field) for the TE
method with a STEM?

Authors: This question is difficult to answer, es-
pecially since the authors do not have a large
experience with STEM based mass measurement. We
believe that the range of mass thicknesses under
investigation determines the suitability of a
particular detection mode. For very thin specimens
the dark field mode would be most attractive, for
it gives a linear dependence of signal intensity
on specimen mass thickness- The large angle dark
field mode seems applicable to higher mass
thicknesses (see also [68], for angles
> 200 mrad). However, with increasing scattering
angles, the power a of Z in equations (7) snd (8)
may be expected to increase, which disturbs the
approximate independence of signal intensity on
specimen composition. Bright field detection is
only useful when the signal - which Is the
difference from the incident beam intensity - is
large enough. Therefore, the specimens must be,
say, at least one mean free path length thick
(which is still ideally thin to EPXMA users !)
before the bright field mode is advised for mass
determination. In practice, specimens must have a
reasonable thickness to allow for elemental
detectability by EPXMA, so that bright field
detection seems the most appropriate.
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SUMMARY

The method described is capable of measuring both the absolute mass of

isolated thin biological objects and the mass fraction of elements in the

specimen. To determine the elemental mass, characteristic X-rays emitted under

electron irradiation are used, whereas the total mass of the specimen is found

from electron scattering. Comparison with measurements on standards allows the

calculation of the absolute elemental mass and elemental mass fraction values.

The number of X-ray quanta per atom of a particular element, detected under

strictly standardized procedural conditions, is given by a unit X-ray count

value. Such values were determined for magnesium, phosphorus, sulfur and

calcium, using spray droplets as standard specimens.

INTRODUCTI ON

In studies of biological specimens by electron probe X-ray microanalysis

(EPXMA), one is often interested in elemental (dry) mass fractions, i.e., the

ratios of the elemental masses to the total mass. The total mass is the sum of

all elemental masses present in the analysed volume. The major elemental

constituents of biological specimens are H, C, N and 0, elements that are
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.{, difficult or imnossible to quantify at the sub-micrometer level. Fortunately,

'i these matrix elements are usually not of interest in bioloqical EPXMA studies.

J Therefore, quantitative methods have been devised that circumvent the problem

; of detection of elements of small atomic number.

Several quantitative schemes have been developed for specimens which
1 fulfil the criteria for thin specimens of small average enerqy loss of the

.'•• incident electrons and negliqible absorption of X-rays 111. Grossly speaking,

these schemes can be classified as either ratio methods 12-51 or the X-ray

continuum method 16-81.

In the ratio methods, the ratio of X-ray intensities from two elements,

as measured on the specimen, is compared with the ratio determined on a

standard. In this way, differences in X-ray yield and detection efficiency for

the various elements are taken into account and relative concentrations can be

determined 121. A variant of the ratio method was introduced by Dörqe et al.

[51. By direct comparison of the characteristic X-ray intensities emitted by

specimen and standard, they derived the elemental concentration in the

specimen. This variant requires the thickness of specimen and standard to be

either equal or known.

In the X-rav continuum method, part of the X-ray continuum signal emitted

by the specimen is used as a measure of the total mass of the volume

examined [71. Because comparison with thin standards is part of the

quantitative procedure, mass thickness differences between specimen and

standards can be corrected for by the continuum normalisation 181. The

relation between the X-ray continuum signal and the specimen mass thickness

depends on the specimen composition (61. Differences in average composition

can, however, be corrected for 17,9,101.

In an alternative scheme for the elemental mass fraction determination,

the total dry mass of a thin specimen is measured by electron scattering; a

method for this has been described by Zeitler and Bahr [111. Quantitative

EPXMA procedures for thin specimens with this kind of mass measurement have

been published [12-161. There are several important features of the use of the

electron scattering based mass determination method in EPXMA. The electron

dose needed to obtain a useful mass signal is many orders of magnitude lower

than is required with the X-ray continuum method, thus reducing the hazard of

mass loss [151. The electron signal is much less dependent on specimen

composition than is the X-ray continuum signal 1161. Correction procedures to

clean the X-ray continuum, i.e., to remove all non-speciinsn contributions

[171, can be omitted. Finally, "contaminating" specimens by adding elements
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for reference [4,18] is not necessary.

The densitonetric mass measurement procedure developed earlier 1191

allows the mass determination of isolated thin biological objects, regardless

of their morphology. Calibration of the mass measurement allows absolute mass

values to be determined 1201. The combination of the densitometric mass

determination method and EPXMA is capable of qivinq both the absolute

elemental content and the absolute elemental mass fraction of an unknown

specimen. The required constants that relate the detected characteristic X-ray

intensity to the number of atoms of qiven atomic number present in the

specimen, i.e., the unit X-ray count values (one for each element of

interest), can be determined by processing standards. This paper describes the

combination of this densitometric mass determination procedure with EPXMA. The

method has been applied to spray droplet standard specimens, with dry masses

ranginq from 10"'^ to 10~'' gram, in order to determine the unit X-ray count

values for Mg, P, S and Ca.

EXPERIMENTAL

Preparation of droplet specimens

The spray droplet specimens used were obtained by nebulizing aqeous

solutions of sucrose (10* w/w) each containing a single inorganic salt. The

following salts were dissolved in the sucrose solution: MgS04.7H20,

Na2HPC>4.2H2O and C a C ^ ^ h ^ O . For each salt, four solutions were prepared with

different salt concentrations (see table 1, where the dry mass fractions of

the target elements Mg, P, S and Ca are listed). Nebulized droplets were

collected on 200-mesh copper finder qrids (Tebra, Hilversum, The Netherlands)

that were covered with a thin carbon film, and air-dried. Droplets with a

projected diameter less than ca. 2 u.m were used for the measurements. The

thickness of the carbon support film was 11 nm (MgSO. and CaCU droplets), or

14 nm (Na2HPC>4 droplets), as determined by the extinction method 1211.

Dry mass determination

For the dry mass determination of individual spray droplets, the

densitometric BioPEPR (Biological Precision Encoding and Pattern Recognition)

method was used [191. Transmission electron micrographs were made with a

Philips EM301, equipped with a goniometer stage, a 35-mm camera and a

Plumbicon TV camera. Recording conditions were: accelerating voltage 80 kV,
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C2-aperture 200 urn, objective lens aperture 30 urn, electron optical

magnification ca. 1000 times. '-jl

All micrographs were taken with the specimen in the eucentric position,

at zero tilt. After an initial adjustment of the specimen height, the image -_

was focussed by varying the objective lens current. Subsequently, the

electromagnetic lens hysteresis was brought to a constant level by applying

maximal currents to all lenses for several short periods. This procedure was

repeated until no more focus chanqes occurred; the focussing objective lens

current was 5.50 A. From that moment, image focussing was done by adjusting

the specimen height to obtain a constant magnification (see also 1221).

Focussing at low beam intensities was facilitated by the TV camera/monitor

system.

The electron optical magnification was calibrated with the aid of a 2160

lines/mm grating replica (Polaron Equipment Ltd., Watford, England). For

calibration of the mass determination procedure, 312 nm polystyrene latex

spheres were used; micrographs of these were included with each film [201. ;

X-ray analysis

X-ray analysis of the droplets was done with a Philips EM400G equipped

with a high-tilt goniometer stage, a STEM attachment and an EDAX Si(Li) X-ray

detector (10 m m , resolution 165 eV at Mn K a, 18 mm specimen to detector

distance) connected to an EDAX 707B multichannel analyser, to which an 8 kword

NOVA 2/4 computer was attached. Analysis conditions were: 80 kV accelerating

voltage; 100, 200 or 400 s analysis live time, depending on target element

mass fraction; 45° specimen tilt angle; 5-20 nA probe current at the specimen

level. The X-ray count rate was of the order of 1000 cps. The small fixed-size

STEM scan raster was used. For optimal X-ray production, the magnification was

adjusted to let the STEM raster just enclose the droplet to be analysed. The j

probe current was measured before and after each recording of spectra as

described below; the two values were averaged. The STEM magnification range

used was calibrated with a 2160 lines/mm grating replica. The X-ray spectra

stored in the NOVA computer were transferred to a Tracor Northern TN2000 X-ray

system for processing.

Processing of X-ray spectra by the Tracor XML program consisted of

background approximation by digital filtering and peak fitting with the aid of

reference spectra. Reference spectra were recorded from elemental standards

and contained at least 50,000 counts in the peaks. If peak overlap was

present, reference spectra of all elements involved were included in the fit.
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Characteristic X-ray intensities were calculated in the following regions:

1.12-1.38 keV (Ma), 1.90-2.12 keV (P), 2.18-2.44 keV (S) and 3.52-3.88 keV

(Ca). Sodium was not quantified because of the severe overlap of the Na K and

the Cu L peaks; chlorine was not quantified because of the variable loss of

chlorine from the specimen under electron irradiation. Data resulting from the

spectrum processing, together with the values of droplet mass,

STEM maqnification and probe current, were stored in a data array that was

used for further calculations.

Beam current measurement

For measurements of the electron probe current, a specimen-holder

designed especially for this purpose [221 was used. Figure 1 shows the

insulated specimen-holder tip. Figure 2 shows a transverse section through the

tip, with the holder rotated axially through 45°. In this position,

transmission imaging is possible and X-rays are allowed to reach the

energy-dispersive X-ray detector. With the holder in the zero tilt position

the electron beam hits so.lid carbon at approximately normal incidence, under

which conditions most of the electron beam is absorbed by the carbon. A

correction for the small electron signal loss caused by electron

Fig. 1. Axial cross-section through the modified Philips EM400 specimen holder
for electron probe current measurement at the specimen level; (b) cross-
section through holder tip, showing bores.

electron
beam,^

detector
collimator crystal

Fig. 2. Schematic view of ray
paths in the modified specimen
holder, when rotated axially
through 45°.
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back scatter ing can be made after calibration with a Faraday cage 1231. Such

corrections can be omitted when the holder is used to measure probe currents

for both specimen and standard, so that the current can be measured rapidly by

merely rotating the holder. The data presented in this paper refer to the

corrected (i.e., true) probe current values.

RESULTS

For each concentration of the target elements, the individual masses were

determined of a la'-ge number of droplets. The droplet dry masses ranged from

0.03 - 3 pg. For each series, 17 or 18 droplets were also processed for

elemental content. Figure 3 shows two examples of the relation between the

detected X-ray intensity of a droplet under electron irradiation and the

droplet mass. For this ficure, the X-ray intensity is expressed as counts per

200 s analysis time, at a probe current density of 1 nA/u,m . Data for the

calibration lines from all droplet series are given in table 1. From the high

values of the correlation coefficients shown in table 1, it can be concluded

that the relation between the X-ray intensity per unit probe current density

(N) and the droplet mass (m) is linear.

The "unit X-ray count" UXCj for element i can be defined as:

UXCj = N/(Xj t ) , where X; is the number of atoms i in the analysed standard

Element

Mass f r ac t i on (%)
No. of meas.
Mass (10"14g) a)
(P-B)/B (av.)
cmd <wt.£) b)
Slope c )
Intercept
Corr. coeff.
UXCj-value d)
Standard dev. d)

Mg

0.262
18
69.0
0.48

0.018
2.72

-11.9
0.996
1 .887
0.175

0.533
18
40.9
0.97

-

4.96
-13.1
0.996
1.705
0.116

1.055
18
31.7
1.15
-

9.65
-15.6
0.997
1.656
0.131

2.219
18
60.0
2.80

-

20.47
-106.
0.997
1.618
0.140

P

0.190
17
87.3
0.41

0.019
2.36

1.2
0.991
3.179
0.363

0.368
17

119.7
1.02
-

3.64
-32.6
0.996
2.246
0.274

0.749
17
43.4
1.21
-

6.82
-8.6

0.998
2.219
0.184

1.504
17
93.1
2.87

-

14.37
-26.7
0.999
2.381
0.1 13

Table 1. Data of the measurements on spray droplets, of the calculated minimum
detectable elemental mass fractions, of the calibration lines obtained and
of the calculated unit X-ray count values.
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object, and t is the analysis time. The value of N is determined from the

X-ray spectrum and the probe current data; Xj can be evaluated from known or

measured data by: X; = cf m A/Aj, where C; is the dry mass fraction of element

i in the standard, m is the total mass of the standard object, A is Avoqadro's

number and A- is the atomic mass of element i. Then UXC| represents the number

of X-ray quanta detected per atom of element i for a given set of analysis

parameters. Provided that these parameters are kept constant and that the

current density is known, the UXCj values allow direct calculation of the

number of atoms of element i present in any thin specimen examined. If the

total (dry) mass of the specimen has also been measured (prior to the X-ray

analysis), the absolute elemental mass fractions can be calculated as well.

From the individual measurements on the droplet, average values of UXC.

per droplet series were calculated, and expressed as counts per second, per

nA/nm2, per 10^ atoms to give values close to unity. These values are listed

in table 1, as are the standard deviations.

Table 1 also contains data on the average net peak to background ratio

((P-B)/B) per droplet series and the minimum detectable mass fractions (MDMF)

for the four target elements, under the analysis conditions described. The

MDMF values were calculated for the lowest mass fractions only, using the

equation:
 CMDMF = cst ( p~ B )MDMF / ( P~ B )st' wl+h +he criterium

(P-B) M D M F = 2 V (P+B) M D M F = ̂  8 B s + [241. The MDMF values given in table 1 are

averages of values calculated per droplet.

Element

Mass f r a c t i o n (.%)
Mo. of meas.
Mass (10~14q) a)
(P-BJ/B (av.)
' -m d »w > • " '
Slope c )
Intercept
Corr. coeff.
UXCj-value d)
Standard dev. d)

S

0.346
18
69.0
0.85

0.015
4.02

-16.0
0.994
2.783
0.290

0.704
18
40.9
1.40
-

7.71
-22.2
0.995
2.640
0.163

1.391
18
31.7
1.91
-

15.44
-30.8
0.996
2.593
0.212

2.928
18
60.0
4.18

-
32.68
-160.
0.997
2.597
0.226

Ca

0.253
18
86.2
0.77

0.013
3.97

-24.4
0.996
4.584
0.595

0.497
18
99.8
2.04

-
8.78

-108.
0.990
4.658
0.345

1.009
18
97.2
3.29

-
16.96
-203.
0.997
4.500
0.644

2.024
18

102.4
6.65

-
30.55
-217.
0.989
4.488
0.450

a)Mean droplet mass. b)Minimum detectable mass fraction. c)Number of X-ray
counts obtained in 200 s per nA/(im2 and per 10~ 1 4 g droplet mass.
d)Expressed in u,m2 nA~1 s~1 per 108 atoms.
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X- ray counts in 200 s,
per (nA/jum2)

800-

700-

600-

500-

400-

300-

200-

100-

0.253 V. Ca

0.262 V. Mg

50 100 150 200 250
Droplet mass (10"14 g )

Fig. 3. Linear regression re-
lations between droplet X-ray
signal, normalised to a current
density of 1 nA/u,m2f and drop-
let dry mass.

DISCUSSION

Estimation of precision

The absolute elemental content of a given object can be calculated by

using the UXC values. The precision of these elemental content values depends

on the precision of the probe current measurement, the X-ray measurements, the

UXC values and the total object mass, in the case of elemental mass fraction

calculations. The precision of the probe current, governed by the precision of

the ampere meter, variations in the local geometry of the carbon grid cap and

possible non-linear variation of the probe current intensity with time, was

estimated from measurements to be 2 - 3 %. The overall precision of the X-ray

procedure is usually governed by counting statistics. Absorption of X-rays and

secondary X-ray fluorescence can essentially be neglected in the case of thin

specimens. Erroneous analyses as a consequence of elemental mass loss caused

by high probe current densities '251 or of incorrect X-ray spectrum processing

are not considered here. The precision given by counting statistics depends

heavily on the elemental mass fractions present, the X-ray count rates and

counting times. A typical precision for biological samples is 5 %. Provided

that sufficient standards have been measured to establish the UXC values, the

contribution to the total precision from this source can be neglected (see
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below). The accuracy of an individual mass measurement was found to be ca. 5 %

[161. The error introduced by the mass calibration is 1 - 2 % [201.

Considering the various sources of error as being mutually independent, the

average precision (relative standard deviation) of a typical X-ray

analysis/mass measurement combination can be estimated as 7 - 8 %.

Table 2 shows the average UXC values calculated per droplet series,

together with the corresDonding standard error of the mean. The average UXC

per target element was also calculated. The distribution of the UXC values per

series was compared with the sum distribution per element, using the 2-taiI

Kolmoqorov-Smirnov test for rankable scores. For magnesium and phosphorus, new

averaqe UXC values were calculated, omitting the data from the lowest

concentration droplets. These new values are listed below the all-series

averages in table 2. Only the UXC value for phosphorus and the corresponding

s.e.m. value changed significantly. Spectrophotometric tests showed that no

error was made in the preparation of the standard spray solutions. Most

probably, the deviation in the results of the least concentrated phosphorus

containing droplets is due to mi sealibration of the mass measurement for that

particular series.

Theoretical considerations

Because the UXC values are determined by physical parameters it is

possible to estimate at least the relative UXC values from theory. The

Element

Mg

P

S

Ca

•JXCa)

1 .887 c » d )
(2.2)
3.179C,d]
(2.8)

2.783
(2.5)

4.584
(3.1)

> 1.705
(1.6)

i 2.246
(3.0)

2.640
(1.5)

4.658
(4.3)

1.656
(1.9)

2.219C)
(2.0)

2.593
(1.9)

4.500
(3.4)

1.618
(2.1)

2.381
(1.2)

2.597
(2.1)

4.488
(2.4)

Meanb)

1.717
1.660

2.506
2.282

2.653

4.558

(1
(1

(2
(1

(1

(1

.2)

.1)

.3)

.3)

.0 )

.7)

Table 2. Statistical comparison between series distributions and sum distri-
butions per element (two-tail KoImogorov-Smirnov test for rankable scores,
ot=0.02). a)Mean UXC values with % standard error of the mean in parentheses.
b)For Mg and P, the upper UXC value is the mean over alI series; the lower is
the mean over the three highest concentration series. c)Series with a distri-
bution differinq significantly from the sum distribution of all concentration
series (see text); other series are not significantly different. ^)Series with
a distribution differing significantly from the sum distribution of the three
highest concentration series (Mg and P only).
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following relation holds: UXC. = k Qj Uj Tj Fj, where k is a constant, 0; is

the cross section for the ionization considered, w. is the fluorescence yield,

T. is the detection efficiency and Fj is the fraction of the total

characteristic emission considered (all K- or L-lines) which is comprised in

the spectrum fitting window. The ionization cross sections Q. can be

calculated from the Bethe equation [261: Q. = a ln(b EO/E|)/(EQ E-), where E Q

is the incident electron energy, Ej is the critical ionization energy and a

and b are constants which vary with energy and author (see, e.g., 1271). For

large overvoltages (E /Ej), the value of 2.42 for b is suqgested 1261. The

values of E- and Ü): for the present target elements were obtained from the

literature (261 and are given in table 3. For the relative detection

efficiency, the relative transmission of X-rays through the Be window and

silicon dead layer was estimated from an X-ray spectrum of pure carbon and

from comparison of the net peak intensities of maqnq^ium with those of sulfur

from the magnesium sulfate droplets. Finally, the Fj values were calculated

using the known peak centroid energies and the detector resolution, assuming

the X-ray peaks to be Gaussian. Table 3 qives the calculated and the measured

UXC values as well as the ratios of the measured to the calculated values.

There is good agreement between the measured and calculated values. Comparison

with data published by others has only limited value, as the characteristic

X-ray energies of the tarqet elements considered lie in the energy ranqe where

the detection efficiency (T.) may vary significantly between individual

spectrometers.

Comparison with the continuum method

The method proposed above for absolute quantitative microanalysis of thin

biological specimens uses both X-ray data and electron scattering data as

input signals, and is capable of giving absolute values of the elemental

Element

Mg
P
S
Ca

E (keV)

1.303
2.143
2.470
4.037

CO

0.028
0.061
0.075
0.151

T

0.45
0.55
0.58
0.98

F

0.97
0.92
0.92
0.88

UXC
calc .

1.749
2.361
2.552
4.363

meas.

1.660
2.282
2.653
4.558

Ratio
meas./calc.

0.949
0.966
1.040
1.045

Table 3. Data used to calculate the relative UXC values, and comparison of the
calculated values with measured data. For explanation of symbols, see text;
values of di, T and F are qiven as fractions; relative UXC values were calcu-
lated to give ratios of ca. 1.
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content and elemental mass fraction. Comparison of this method with the X-ray

continuum method leads to the following conclusions. The densitometric

procedure for total mass measurement imposes a much lower electron dose on the

specimen than does the X-ray continuum method [151. Consequently, much more

reliable mass values are obtained, and fewer constraints need to be imposed on

the elemental standards. Calibration of the mass measurement procedure [20]

allows absolute elemental mass fraction values to be determined and can be

performed very rapidly. The image contrast in a conventional TEM shows only a

small atomic number dependence 1281. This is very attractive, especially when

the specimen is stained with elements of high atomic number; the stain will

contribute approximately linearly to the image contrast, and can easily be

corrected for if so desired. After micrographs of a particular specimen have

been taken, methods may be applied to remove the organic matrix from the

specimen, e.g., by low temperature (oxygen) plasma ashing 129,30). With this

treatment, detection limits for many inorganic elements are improved, while

the original mass data are available 1191.

The mutual independence of the two input signals, as used in the present

procedure, requires some precautions. Because X-ray intensities are used, beam

current stabiIisatiop is highly desirable. Beam current measurement as

described here is, however, a good alternative because the probe current of a

tungsten filament in an automatically biased gun varies only slowly and, to a

good approximation, linearly with time. The UXC values depend on the

experimental conditions, because the incorporated physical constants are:

(K-) ionisation probability, X-ray fluorescence yield, X-ray detector solid

angle of acceptance, and the X-ray detection efficiency. Also the width and

position of the windows used in spectrum fitting influence the UXC values. The

UXC values established for a given set of procedural parameters should only be

used for analyses performed under identical conditions.

The present method for mass determination is relatively laborious and

requires time consuming procedures such as fiIm developing. On-line mass

measurement using computerized data acquisition directly either from a

conventional TEM (see e.g., (311), or from an STEM 132,33) would drastically

reduce measuring times.

The present densitometric mass determination procedure has been developed

for isolated biological objects, but the concept is not 'imited to such

objects. With minor modification, the procedure can be applied to biological

sections as well as to non-biological amorphous objects. This implies that for

a very large range of applications the procedure might be used with advantage.
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The concept is also suited to deal with thin cryosections, although in this

case time considerations would make an on-line data acquisition system

indi spensab le.
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SUMMARY

An improved method for-quantitative electron probe X-ray microanalysis of

thin biological specimens, introduced recently, has been applied to the

elemental analysis of rat blood platelets. The method uses the X-ray signal to

quantify the elemental content of an object and electron scattering to

determine the total dry mass of the object. Together with the dry mass

distribution, data were obtained on the content and mass fraction of calcium,

magnesium and sulfur in 31 individual platelets. The mean platelet dry mass

was found to be 985 fg. The mean Ca, Mg and S contents were 1.80, 3.41 and

18.3 fg, with mean dry mass fractions of 0.195, 0.396 and 1.96 %,

respectively. Furthermore, these elements appear to be unevenly distributed

among the platelet population.

INTR0DUCTI ON

Electron probe X-ray microanalysis (EPXMA) allows the investigation of

the elemental composition of objects and their substructures in relation to

their morphology on a submicroscopic level. In quantitative EPXMA of thin

specimens, one must le aware that both the elemental concentration and the

specimen thickness affect the emitted X-ray intensity. Several quantification

procedures that take this into account have been published (Marshall and Hall,
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1968; Hall, 1971; Halloran et al., 1978; Linders et al., 1984). The procedure

that has been developed recently by us, uses densitometry of transmission

electron micrographs to determine the total dry mass of individual, isolated

objects (Linders et '., 1982a). The mass values are related to the X-ray

analysis results of the same objects to give both the elemental contents and

the elemental mass fractions for each object. The calibration factors required

are obtained from analyzing standard objects- The precision and reliability of

our quantification procedure compare favourably with other methods (Linders et

al., 1982b). It is the purpose of this paper to present results of the

application of our procedure to the determination of Ca, Mg and S in

individual rat blood platelets.

Blood platelets were chosen as objects of investigation for several

reasons: (a) platelets, even in a whole mount specimen, are "ideally thin"

objects, which means that no correction for X-ray absorption is necessary, (b)

the preparation of whols mount specimens containing isolated cells is

relatively easy, and (c) many published data are available for comparison.

Furthermore, platelets are physiologically very important objects, e.g., in

view of their role in the blood clotting process (Rodman, 1971; Bessis, 1973).

Moreover, various pathological conditions are reflected by altered platelet

elemental content (Yarom, 1983; Yarom et al., 1983). As platelet function

seems to correlate with platelet size and age (Corash and Shafer, 1982;

Thompson et al., 1983), a technique for accurate quantitative elemental

analysis of individual platelets can be of great value.

MATERIALS AND METHODS

1. Preparation of specimens.

Blood was obtained from starved adult Wistar rats by heart puncture.

About 4.5 ml blood per rat was collected in polypropylene tubes, containing

0.5 ml of a solution of tri sodium citrate dihydrate (3.8 % w/v) in water

(after Imandt et al., 1980). Platelet-rich plasma (PRP) was obtained by

centrifuging the citrated blood at 1600 N/kg for 10 min at room temperature

and collecting the supernatant.

Specimens for analysis were prepared as follows: a drop of PRP was placed

on a 3 mm copper finder grid (200 mesh; Tebra, Hilversum, The Netherlands)

covered with a parlodion film (ca. 70 nm thick) on which a thin (ca. 10 nm)

titanium strengthening layer was evaporated. The platelets were allowed to
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settle for 5 min at room temperature. The remaining plasma was removed by

blotting with filter paper.

Spray droplets were as standard objects. They were prepared by nebulizing

aqueous solutions of sucrose with either C a C ^ or MgSO^, and collecting the

droplets on support nrids as mentioned above. Details have been described

elsewhere (Linders et al., 1984).

2. Determination of total mass.

Only those platelets were selected for analysis that were judged

morphologically intact without a centralized granular content (the so-called

'resting state', Rodman, 1971 or 'circulating form', Bessis, 1973) and that

were free of visible contamination from remaining plasma (see figure 1 ) .

Figure 1. Rat blood platelets from whole mount specimen; a-d: approved for
X-ray microanalysis, e: discarded for reasons of plasma contamination, visible
at the platelet periphery, f: discarded for reasons of irregular shape. The
specular appearance of the background is due to microcrystals in the titanium
evaporated layer.
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.{i Transmission electron micrographs of the platelets were taken with a Philips

EM400G (Philips Nederland, Eindhoven, The Netherlands) in TEM mode. The

, microscope was equipped with a eucentric goniometer specimen stage and a 35 mm

jj camera. The recording conditions were: accelerating voltage 80 kV, C2 aperture

j 200 u.m, objective lens aperture 50 \im, electron optical magnification ca. 1100

j times. The beam intensity was reduced to as Iow a level as was practicable to

.'- minimize mass loss. Special care was taken also to minimize magnification

variations (cf. Linders et al., 1984). The determination of the total mass was

performed via digitization of the optical density distribution in areas within

electron micrographs, that contained the image of a single platelet. This was

done with the aid of a computer-controlled scanning microdensitometer

(BioPEPR, cf. Zahniser et al., 1979). The densitometric procedure was

calibrated by means of micrographs of 312 nm Dolystyreen latex spheres, to

allow determination of absolute drv mass values. Further details have been

described elsewhere (Linders et al., 1982a, 1983).

The same procedure for mass determination was applied to the spray

droplet standards.

3. X-ray analysis.

After micrographs for the total mass measurement had been taken, electron

~" probfi X-ray analysis was performed with the same Philips EM400G, now in STEM

mode. The microscope was equipped with a scanning attachment PW6575 and an

EDAX Si(Li) X-ray detector (10 mm2 active area, resolution 165 eV at MnKa,

1 8 m m detector to specimen distance), connected to an EDAX PV9100/65

computerized analyser system (EDAX Intl., Prairieview, III., USA). The use of

finder grids and prints of the micrographs greatly facilitated finding again

the areas that had been photographed before. X-ray spectra of individual

platelets were recorded by scanning the electron beam and using the

rectangular STEM raster. The STEM magnification was adjusted such that the

raster just enclosed the platelet to be analyzed. Analysis conditions were:

incident electron energy 80 kV, analysis live time 200 s (standard droplets)

and 800 s (platelets), energy resolution 10 eV per channel, specimen tilt

angle 45°, electron probe current (at the specimen level) 4 - 1 0 nA. The probe

current was measured with a special specimen holder (Smits et al., 1982).

Before each X-ray measurement, the probe current and the STEM magnification

were recorded to enable correction of the X-ray data for variable probe
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current density. Further details on analysis conditions have been described

elsewhere (Linders et al., 1984).

Processing of the X-ray spectra was performed by the 'THIN' program from

EDAX. This program contains routines for removal of the X-ray continuum by

digital filtering and for accurate calculation of the height of the

characteristic X-ray peaks by least-squares fitting using reference spectra.

From the data of the standard droplets the 'unit X-ray count' (UXC) values

were calculated for the elements involved. The UXC value of a particular

element is defined as the height of the characteristic X-ray Deak detected

when a thin object containing 10 8 atoms of that element, is irradiated for 1 s

by an electron probe with a current density of 1 nA/nm , under the prevailing

analysis conditions. The definition of the unit X-ray count differs slightly

from the one given earlier (Linders et al., 1984), as a consequence of the use

of a different X-ray spectrum processing routine. Using the UXC values

obtained for calcium, magnesium and sulfur, the analytical results of the

individual platelets for these elements could be expressed as elemental mass

and elemental mass fraction.

4. Data handling.

For each object the following data were entered in a data-array: total

dry mass, probe current and STEM magnification at the time of X-ray analysis,

and the characteristic X-ray peak heights of the elements studied. A computer

program (3PV) was written in BASIC on the EDAX computer to enable interactive

manipulation of all data in the array by the analyst. The program allows

convenient calculation of the UXC values when standards have been measured.

Also, the absolute elemental mass and elemental mass fraction of the objects

analyzed can be readily calculated. Figure 2 schematically summarizes our

quantification procedure. With the BPV program, it is also possible to perform

correlation studies between any two parameters based on linear regression

analysi s.

RESULTS

Table 1 contains data about the standard droplets as well as the

UXC values, obtained by averaging of the values calculated per droplet. Twelve

droplet standards per element were analyzed. Figure 3 shows the distribution

of the platelet dry mass values, which ranges from 370 to 2710 fg. The mean
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Figure 2. Schematic representation of our procedure for quantitative analysis.
Thin isolated objects are photographed with a transmission electron
microscope. Microdensitometry on electron micrographs yields dry mass values
of the photographed objects. X-ray spectra of essentially the same objects are
then recorded, from which characteristic X-ray peak heights are calculated.
These data are entered, together with the X-ray analysis conditions, in a
data-array by using the BPV computer program. In case standards have been
measured, the unit X-ray count (UXC) values can be calculated. With unknown
objects, previously determined UXC values are used to calculate the elemental
mass and the elemental mass fraction.

dry mass of the 31 platelets measured was 985 fg (see also table 2). Table 2

further contains data about the Ca, Mg and S content of the platelets,

expressed both as absolute mass per platelet and as fraction of the platelet

dry mass. This table also gives the mean atomic ratio of the calcium and

element Ca Mg

Nr. of droplets
mean droplet mass (pg)
correl. coeff icient
mean UXC a)
standard deviation a)

12
0.40
0.961
0.222
0.014

12
1.06
0.961
0.133
0.008

12
1.06
0.966
0.192
0.011

Table 1. Data on the droplet standards used in determining the unit X-ray
count (UXC) values for calcium, magnesium and sulfur. The correlation
coefficients were obtained from linear regression analysis of elemental mass
versus total mass of the individual droplets.
a ) : mean and standard deviation of the UXC values are given as X-ray peak
height (counts) per s, per nA/um2 current density and per 10 8 atoms of the
element concerned.
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Figure 3. Dry mass values of rat
blood platelets, represented as
a cumulative distribution (n=31).
Mean dry mass value is equal to
985 fg (10"'5 g), median dry mass
value equals 830 fg.

magnesium present in the platelets measured. Tab'e 3 shows the results of

correlation studies between platelet dry mass and the Ca, Mg and S content of

the pi ate Iets.

The precision of the individual mass measurements is ca. 5 % tcf. Linders

et al., 1982a). The precision of the X-ray analysis results of individual

platelets, which is mainly due to counting statistics, was calculated from the

X-ray spectra to be ca. 15 %. The mean UXC values have a precision of less

than 2 % (standard error of the mean).

DISCUSSION

The results obtained for normal rat blood platelets are in good agreement

with published data, obtained by different methods. The mean platelet dry mass

value of 985 fg is nearly equal to the dry mass calculated from the mean

mean
s t . dev.
c . v . i%)

p1 ate 1et
mass

985
512
52

Ca
mass

1.80
0.85

47

mfr.

0.195
0.081
41

Mg
mass

3.41
1.60
47

mfr .

0.369
0.120

33

S
mass

18.3
7.9
43

mfr.

1.96
0.39

20

Ca/Mg
at.ratio

0.35
0.19

54

Table 2. Results of the combined X-ray analysis and mass determination method
applied to individual rat blood platelets (n=31). Values given were calculated
from data determined on individual platelets. Elemental content per platelet
is expressed both as absolute mass and as mass fraction (mfr.).
Mass values are expressed in fg; mass fractions are expressed in percent of
the total dry mass; st.dev.: standard deviation; c.v.: coeficient of
variation.
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element sulfur magnesium calcium dry mass

dry mass
calcium
magnesium
sul fur

0
0
0

.580a)

.493a)

.519a)

0.
0.

435a)
370
*

0.200
*

Table 3. Results of correlation studies between platelet dry mass and
elemental content. Values shown are correlation coefficients obtained from
linear regression analysis. The diagram is symmetrical with respect to the
diagonal indicated by the asterisks.
a) indicates significant correlation (n=31, 2-tail, P<0.02).

platelet volume (4.69 f I for rat platelets, Prost-Dvojakovic et a I., 1975),

platelet density (ca. 1.065 g/ml, Corash and Shafer, 1982) and platelet water

content (80 %, Bessis, 1973), which yields ca. 1000 fg. Furthermore, the range

found for platelet dry mass values, 370 - 2710 fg, agrees very well with the

data given by Prost-Dvojakovic et al., (1975), who reported that rat platelet

volumes range from 1 to 12 f I. This corresponds with a dry mass range of

213 - 2560 fg, calculated using the constants mentioned above. This agreement

suggests that no platelet subpopulations were lost systematically during the

entire procedure of preparation and selection.

The mean elemental content of individual rat platelets for calcium and

magnesium were found to be 1.80 and 3.41 fg, which is equal to 4.5 and

14 nmol/10° platelets, respectively. Thes; values are in the range found by

Imandt et al. (1980), who determined the platelet Ca and Mg content for

various mammalian species by atomic absorption spectrometry. For Ca they give

values ranging from 6.7 (sheep) to 28.4 nmol/108 platelets (monkey), whereas

for Mg this range is from 8.0 (sheep) to 27.4 nmol/108 platelets (pig). To our

knowledge, no values for rat platelets are available, other than those

obtained by electron probe X-ray microanalysis. Our values agree very well

with the data published by Boekestein et al. (1982), who determined the mean

elemental content of rat platelets by EPXMA, using microdroplets as standards.

They reported values for Ca and Mg of 3.2 and 12.3*10"8 nmoI/pi ate let,

respectively.

Because the total platelet dry mass and the absolute elemental contents

agree with published data, we conclude that the elemental mass fractions, as

well as the elemental ratios, must be in the correct range.
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One remark must be made here with respect to the specimen preparation.

Platelets in circulation are surrounded by blood plasma, which contains

considerable amounts of the elements quantified in the present study. The

concentration of calcium and magnesium in rat blood plasma is 3.1 and

1.45 mmol/l, respectively (Spector, 1956). Many investigators physically

separate platelets from blood plasma by various methods, such as pelleting and

rasuspension (Lagarde et al., 1980), gel filtration (Imandt et al., 1977;

Timmons and Hawiger, 1978) and even cellular sieving (Skaer, 1981). Also a

chelating resin has been employed to remove the divalent cations from blood

plasma (Heptinstal1, 1976). Since there are indications that platelets in

suspension, depleted from external divalent cations, release their contents

(HeptinstalI and Taylor, 1977), it seems important, at least for analytical

studies, to maintain the natural platelet environment as long as is possible.

When preparing whole mount specimens directly from platelet-rich plasma, as

has been done in the present study, careful preparation is of great

importance. If a significant volume of plasma is present near a platelet in

the drying phase, the liquid meniscus will tend to contract around the

platelet. Plasma substances, as well as material possibly released by the

platelet, will then be deposited at the platelet periphery. Although platelets

for analysis were selected scrupulously, it is Dossible that in this study

platelets were included that were contaminated with plasma. The contamination

can only be small, however, in view of the close agreement with the results of

Boekestein et al. (1982), who used washed platelets for analysis. Furthermore,

the mean Ca/Mg atomic ratio of 0.35, measured in the platelets, differs

largely from the value for plasma, 2.14 (Spector, 1956). This also indicates

that possible plasma contamination is limited.

Table 3 shows that the platelet dry mass and the platelet sulfur content

correlate significantly. Such a correlation might be expected from the

relation between dry mass and protein sulfur. This correlation is not very

high, however, as can further be concluded from the discrepancy between the

correlation of the dry mass with calcium (not significant) or magnesium

(significant) on one hand, and the correlation of sulfur with these elements

(both significant) on the other hand. The absence of significant correlation

between platelet dry mass and the platelet calcium content indicates that

smaller platelets have a higher Ca mass fraction than the larger platelets. As

most intraplatelet calcium is protein-bound, a decrease of the sulfur mass

fraction with increasing platelet mass can be expected. This is confirmed by
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our findings (data not shown). The above results indicate that the ratio of

protein to non-protein dry mass varies over the platelet population, implying \J.

that the sulfur content cannot be used as a correct measure of platelet dry

mass. Both the limited size of our sample and the scope of this paper do not '-

allow drawing further conclusions with respect to the implications of our jj

results. j

The possibility to weigh and analyze individual platelets or any other

kind of cell or organelle is obviously of great potential value. Study of the ;

individual objects of a population may demonstrate the presence of distinct

subpopulations, or may show correlation between parameters measured on

individual objects. The results of the quantification procedure applied to

blood platelets, described here, show that several potentially important

parameters may be determined on a per platelet basis: dry mass, absolute

elemental content and elemental dry mass fraction.
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Application in quantitative X-ray microanalysis on an automated STEM system
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The capabilities of modern computerized X-ray analysis systems can be expanded to the acquisition of various signals
available in the electron probe microanalyzer, in parallel with the X-rays. These facilities allow the use of backscattered
electrons for the measuremenl of the total specimen mass thickness, which can he used in mass fraction calculations, up to a
(biological) specimen thickness of 10 fim. A mass measuremenl procedure based on ihe use of backscattered electrons may
become an alternative for ihe X-ray continuum normalization method, oflen used in electron probe X-ray microanalysis. A
mass measurement procedure using backscaltered electrons is described, and preliminary results are given.

1. Introduction

One of the main goals of quantitative electron
probe X-ray microanalysis of biological samples is
to measure local element mass fractions. When
thin specimens are studied, the element mass pre-
sent in a given volume can be derived from the
characteristic X-ray signal obtained by analysis of
that volume. The word "thin" is used here to
indicate that a simple (usually linear) relationship
holds between specimen thickness and the inten-
sity of the signal of interest. Calculation of the
mass fraction of the element(s) involved further
requires knowledge of the total mass of the
analyzed volume (unless the semi-quantitative ratio
method [1,2] is used for mass fraction measure-
ment; this ratio method is not considered here,
because it requires control of specimen and stan-
dard thickness).

At least two methods for the measurement of
total mass of thin specimens have been developed.

The method by far the most frequently applied in
quantitative X-ray microanalysis is the continuum-
normalization (C-N) method [1-4]. The C-N
method is based on the relation between total
specimen mass and the intensity of the continuum
radiation emitted by the specimen under electron
irradiation. The second method, the transmitted-
electron (T-E) method, utilizes the attenuation of
the transmitted electron beam due to electron
scattering in the specimen as a measure of total
specimen mass [5-7]. As a consequence of the
multiple small-angle electron scattering at higher
mass thicknesses, the use of the T-E method is
restricted to very thin specimens only.

It has been recognized that the backscaltered-
electron (BSE) intensity is related to specimen
mass thickness, when the specimen is sufficiently
thin [1]. In a procedure using photographic record-
ing and subsequent image analysis, the BSE signal
has been used for mass measurements of iron
microspheres [8]. Also from experiments on film

0304-3991/83/0000-000O/SO3.OO © 1983 North-Holland
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Fig. 1. Rat eruhro-.'yies. dispersed on a carbon-strengthened narluduin support film. rinsed uiih saline, Molled dn. and air-dncd
Accelerating voltage 100 kV. probe current ca. 1 nA: la) BSI- image, line nine 32 nis. ihe high detector sensiuuis all,TOS imaging of
the damaged part of the film in the upper left corner: tb) X-ra> map using continuum radiation, monitored Ironi 3 > to b ke\ and
from 9.5 to 20 keV; line time 100(1 ms.

thickness measurement using BSE [9.10] and ex-
periments on mass thickness measurement using
large angle (> 200 mrad) scattered electrons
which behave almost like BSE [11] - it can be
concluded that the BSE signal can be used for
mass thickness determination [12]. When used in
such a way. the BSE signal provides an alternative
to the continuum X-ray signal in quantitative elec-
tron probe X-ray microanalysis (EPXMA) of thin
and semi-thick samples. In particular with respect
to available signal intensity the BSE can be used
with great advantage (fig. 1).

In this paper we outline a procedure for using
backscattered electrons for mass fraction measure-
ment in EPXMA on an automated STEM system,
and we show preliminary results. Especially with
the modern X-ray analysis systems, which provide
for computer positioning of the electron beam and
for acquisition and combination of the various
signals available in the electron probe micro-
analyzer [13.14]. this approach may prove to be of
importance.

2. Materials and methods

The test specimens used in the measurement
experiments were air-dried femtoliter droplets,
prepared from an aqueous solution of sucrose and

CaC'l,. The droplets were obtained by nebulizing
the solution onto an 11 nm carbon film, supported
h\ a 200-mesh copper finder grid (TEBRA.
Hilversum. The Netherlands). The dry droplets
had a calcium dry-mass fraction of 4cc. The total
dry mass of the droplets ranged from 10 M to
3 x 10 i : g. Calcium was chosen as target element
because of its stability under electron irradiation
[15]. To allow for an independent dry-mass de-
termination by the T-E method [7], images of the
droplets were recorded photographically in a
Philips EM 301 prior to X-ray analysis. To obtain
absolute droplet mass values, the T-E method was
calibrated as described elsewhere [16].

X-ray analysis and BSE measurement were per-
formed with a Philips EM 400T. equipped with a
scanning system, an annular semiconductor BSE
detector (scattering angle of acceptance from 127°
to 151°) and an EDAX Si (Li) X-ray detector
(active area 30 mnr. acceptance solid angle 0.13
sr. detector elevation angle 20°). in combination
with an EDAX PV9100/65 X-ray analysis system.
Analysis conditions were (unless otherwise speci-
fied): accelerating voltage 80 kV. probe current
about 1 nA. analysis live-time 40 s. take-off angle
30°. beryllium low X-ray background specimen
holder.The liquid-nilrogen-cooled anti-contamina-
tion device was used.

The measurements were carried out under com-
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putcr control, which included positioning of the
electron beam, automatic detection of the droplets,
measurement and interpretation of both the BSE
signal and the X-ray signal. The computer of the
EDAX analyzer was used for this purpose. For
communication with the microscope, a STEM
computer interface [14] provided the required
access to the scanning system. By means of this
coupling the computer could position the electron
beam on any one of 4095 x 4095 points in the
scanning frame. The interface is capable of trans-
mitting the video signal intensity of any detector
selected.

For automatic particle detection and measure-
ment, the computer runs the program PARTDT.
This is a FORTRAN program written as a general

Fig. 3. Result of the automatic particle deieciion routine of the
PARTDT program, applied to the specimen shown in fig. I.

program for particle detection. Prior to the execu-
tion of a series of measurements, the operator sets
the upper and lower limit (1 'min. (]„,,) of a video
signal window that defines the particles to be
measured. For this purpose a line scan is taken
across the particles (see fig. 2). When the electron
beam is scanning the search point pattern (55 x 41
points, full frame), the video signal V on each
beam position is tested according to: l][un < I' <
I ,[,,,^. These threshold values are given h\: I j ' =
1 + 4 °\,jo.- a n d l m.n= l ' ~ 4 o l l J ( l , . The video

signal noise in the line scan profile determines the
value of o\ lileil. If the condition for I' is satisfied, a
particle is assumed to be encountered, and the
"on-particle" scanning takes place. During the
on-particle scanning a measurement point pattern
of increased density (312 x 246 points, full framel
is applied. The video signal V is now compared
with the originally set thresholds ((„,,„. I „ , , J to
detect the particle boundaries. This ensures a cor-
rect area measurement, as intended by the opera-
tor. In the particle search mode a narrower video
signal window is used to prevent double counting
of particles. Fig. 3 shows the result of the auto-
mated particle detection routine using the BSE
signal intensity, applied to the area shown in fig. 1.
The computer program further provides for the
selection of windows in the X-ray spectrum, the
measurement of the projected particle area (i.e..
the number of "on-particle" points) and the
integration of the BSE signal during the first scan.
It performs optimum scanning during X-ray anal-
ysis: only points within the particle boundarv are
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analyzed. For each analyzed droplet, the contents
of 7 preselected windows, containing characteristic
peaks and/or continuum background, the
integrated BSE intensity and the droplet area,
were stored on magnetic diskette. From the stored
data, the net characteristic peaks were calculated
through linear interpolation of the continuum
background.

3. Theoretical considerations

According to Niedrig [17], the BSE signal from
a thin specimen consists of two components: single
(Rutherford) scattering over angles >90° and
multiple scattering over smaller angles (diffusion).
For specimens with a thickness s < 0.4 D, where D
is the diffusion depth (i.e., the ultimate depth from
which BSE can leave the specimen), the BSE inten-
sity /B is linearly related to the specimen thickness,
and can be given by:

(1)

In (1). /0 is the incident electron beam intensity,
and r and d are the contributions from the single
Rutherford scattering and the diffusion to the
detected BSE signal, respectively. The terms r and
d depend on specimen composition, incident elec-
tron energy and geometrical factors of both the
specimen and the detector [17]. For a given experi-
mental set-up, the incident electron energy and the
detector geometry are constant. The ratio of d to r
varies from about 1, for elements with atomic
number Z < 10, up to 2 for higher Z values [17].
For biological specimens, which have an average
atomic number in the range of 7 to 8 [18], r and d
may be considered to be approximately equal. The
dependence of r on the specimen composition can
be given after ref. [10] as:

r = qNZ2. (2)

In (2), N is the number of atoms per unit volume,
and q is a constant. For a multi-element specimen,
the contributions to /B of all elements i present
may be summed [19], giving:

(2a)

With (2a) and d= r substituted in (1), this gives:

/B = /o-2^I .V,Z; . (3)

The mass thickness m, of a specimen can be
expressed as

where At is the atomic mass of element i. This can
be inserted in (3), yielding:

(4)

Using the definition of elemental mass fractions

N,A,

eq. (4) can be converted to:

(4a)

The summation term in (4a) is equal to the G-fac-
tor, or Z2/A, often encountered in descriptions of
the X-ray continuum method [21]. The G-factor is
approximately constant for most biological speci-
mens [20], Since the BSE method, presented here,
is intended primarily for use in quantitative X-ray
microanalysis, data will be available to correct the
G-factor when necessary, i.e., in those cases where
relatively high concentrations of medium- or high-
Z elements are present [20,21]. For the present
purpose, the G-factor is considered to be constant.

From (4a), it can be seen that /B can be used as
a measure of the specimen mass thickness: /B =
pmt, with

(Io is supposed to be constant during the measure-
ment). For most biological specimens the mass
thickness, and hence the BSE intensity, varies lo-
cally. When the total mass W of an object is
needed, the mass thickness must be integrated over
the area A of the object:
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= ƒ J (5)

The coordinates .v, v refer lo the specimen plane.
Usually, thin specimens undergoing X-ray analysis
lie on a thin film, supported by a grid. Although
small, the film contribution /Bf must be subtracted
from /„. In our configuration the BSE intensity is
measured stepwise. and W is. therefore, obtained
by summation:

( .v 1 .v , ) - / B I ] . (6)

In (6). dA is the area of the unit cell at the
specimen level (the inverse of the sampling point
density).

When mass values of different samples, ob-
tained at different electron optical magnifications,
are to be compared, the magnification M must be
entered into the formulae. In the PARTDT com-
puter program, the sampling point density is fixed
with respect to the STEM-CRT. As a consequence,
the area dS of a unit cell at the CRT level is
independent of the magnification. The unit eel!
area dA at the specimen level is related to dS by
dA = dS/M1, which can be inserted in (6).

Using (6), relative mass values can be de-
termined. The determination of absolute mass val-
ues is possible when the method is calibrated, e.g.
with the aid of objects with known total mass. The
BSE signal is amplified before the analog-to-dig-
ital conversion takes place, implying that varying
settings of the gain and the black level affect the
output values. To obtain optimum results for a
mixture of thin and thicker objects, the gain and
the black level may be adjusted for each object
using nearly the full range from black to white, or
from zero to maximum output voltage. A calibra-
tion of the settings analogous to the procedure of
Halloran et al. [5] is then required. For simplicity,
we have used a fixed gain and black level setting
for our test experiments.

Considering the X-ray analysis of an isolated
object, optimum X-ray yield of the whole object is
obtained when only the area of the object is
analyzed, and no surrounding background. Such
an optimum scan is possible with a computer-con-
trolled STEM and is particularly useful when the
specimens are irregularly shaped. Since the drop-
lets were different in size, as in practice most

objects will be. X-ray analysis could be performed
either by scanning each droplet for a given num-
ber of times, or scanning it during a preset live
time. We chose the second procedure, and scanned
during a preset live lime of / seconds. The number
of scans performed in this period is related to i/n.
where n is the number of points within the scanned
area. Thus, a relative electron dose per unit area of
M't/n is delivered to the specimen, again assum-
ing /„ to be constant. The net characteristic peak
intensity NP obtained from the X-ray spectrum
must therefore be divided by M1t/n to correct for
the area-related electron dose. The corrected net
characteristic peak intensity is a measure of the
element mass present in the analyzed volume. The
relative elemental mass fraction R can now be
expressed as:

element mass
R = •

total mass

(7)

When all constants are taken together. R is given
bv:

NPn

I [ / , (* , . . ! • , ) - / „ , ] •
(8)

All parameters occurring in (8) except for the
value of /Br. which is set manually using the line
scan profile, are readily obtained for each object
with the computer-controlled STEM/X-ray analy-
sis system and the PARTDT program.

4. Results and discussion

The variably sized spray droplets having a
well-defined mass fraction of a particular element,
e.g. calcium, allowed mass measurement of indi-
vidual droplets in three independent ways: (1) by
using the BSE signal, as described above: (2) with
the T-E method [7]; (3) by using the characteristic
X-ray peak. In fig. 4 the results of the BSE mass
measurement method are compared with the re-
suits of the T-E method. The latter method was
calibrated to give absolute mass values. In general.
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Fig. 4. Relative mass values determined from the integrated
BSE signal of individual calcium containing sprav droplets,
plotted against absolute droplet mass values determined bv a
method that uses transmuted electrons.

Ca mnss

frnct.on

(arb unitsl

droplet mass IBSE)
10 l yrnm

Fig. 5 Relative calcium mass fraction \.ilues of individual
droplets, calculated using the BSF mass and plotted against the
BSI- mass The absolute mass values have been obtained from
the relation slumn in fig 4.

there is a good agreement between the results of
the two methods, but at higher droplet masses, a
discrepancy between the two methods shows up.
The average droplet mass thickness is increased in
this region, and it is assumed that the T-E method
underestimates the mass values here, due to multi-
ple electron scattering. In the low droplet mass
region of fig. 4. the BSE method yields loo low
mass values. The reason for this mass underesti-
mation is not fully understood, but it is mentioned
by Niedrig that at very low mass thicknesses, the
contribution to the BSE signal of the diffusion
part becomes negligible [17]. This would, however,
cause a reduction in mass values by a factor of two
at most. Radiation-induced loss of organic mass,
of particular influence on the smallest droplets,
may also account for the mass underestimation
noticed. Although mass loss is reduced by collect-
ing the BSE signal during the first scan only, the
specimens in the present study were irradiated (in
TEM) before the BSE mass measurement was
performed: moreover, sucrose is known to be very
radiation-sensitive [22J. Another possible cause for
the mass underestimation is a systematic over-
estimation of IBI, the film signal intensity esti-
mated by the operator from the line scan profile
(see fig. 2). An overestimation of /Bf causes an
underestimation of the droplet masses W; it will
affect the smallest droplets at the most.

The relative calcium mass fraction was calcu-

lated per droplet, using eq. (8). In fig. 5. these data
are plotted against the droplet mass, determined
from the integrated BSE signal. As a consequence
of the above mentioned mass underestimation for
the smallest droplets, the mass fraction values are
increased for these droplets. For a large range of
droplet masses, the calcium mass fraction is con-
stant, indicating that for the larger droplets the
BSE method gives correct mass values. The varia-
tion in the mass fraction values due to X-ray
counting statistics varies from 2 to 5%. depending
on droplet size and thickness. Additional variation
due to a slightly varying probe current is possible.

The influence of extraneous BSE. by which is
meant (in analogy with extraneous X-rays) the
unwanted contribution to the BSE signal coming
from outside the object in study, appears to be
negligible. If an extraneous BSE signal were to be
caused by uncollimated electrons, the mere sub-
traction of /Br from / B ( . Ï . v) would eliminate the
extraneous signal. If. on the other hand, an extra-
neous BSE signal depends on the (forward)
scattering of electrons by the specimen, it would
result in higher mass overeslimalion of the larger
droplets. This is not observed.

5. Conclusion

From the results of Niedrig [10] and of Reimer
and Hagemann [11]. it can be concluded that the
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use of backscaltered electrons for mass thickness
measurement of biological specimens is possible
for mass thickness values up to at least 5 g m ".
and possibly even up to 10 g in : (ca. 10 jim
specimen thickness), using 100 keV electrons. This
large mass thickness range, together with the high
signal intensity available, makes the BSK method a
mass thickness measurement method with good
prospects for application to semi-thick samples
such as whole cells and thick (cryo-)sections. Be-
cause of the computer control, the analysis of
structures of any shape within cells or sections is
possible. When using the BSE method in quantita-
tive electron probe X-ray microanalysis. as de-
scribed here, there is no longer the need to select a
continuum window; also the sometimes com-
plicated and/or time-consuming procedures to
correct for the extraneous X-ray background are
redundant. The reduction of the extraneous X-ray
signal by choosing proper hardware, of course.
remains desirable. Although further study is
needed, in particular with respect to the mass
underestimation noticed, we believe that the BSE
mass measurement method will eventually become
a useful alternative for the continuum-normaliza-
tion method. A combination of the BSE method
and the transmitted electron method would cover
a very large range of specimen thicknesses in bio-
logical applications and represents a method which
is independent of the X-ray detection itself.
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SAMENVATTING

MASSABEPALING GEBASEERD OP ELEKTRONENVERSTROOIING IN ELEKTRONENSONDE

RÖNTGEN MICROANALYSE VAN DUNNE BIOLOGISCHE PREPARATEN

In dit proefschrift wordt een onderzoek beschreven dat tot doel had een

methode te ontwikkelen voor massabepaling van dunne biologische objekten

met behulp van kwantitatieve elektronenmicroscopie. De te ontwikkelen

methode moest gekombineerd kunnen worden met elementanalyse door middel van

elektronensonde röntgen microanalyse van dezelfde objekten. Bovendien

moest de methode nauwkeuriger en betrouwbaarder zijn dan de bestaande

methode voor massabepaling in de kwantitatieve röntgen microanalyse.

In hoofdstuk 1 wordt een aantal aspekten van het onderzoek belicht.

Allereerst wordt een korte beschrijving gegeven van de methode van

elektronensonde rön+gen microanalyse. Globaal wordt de plaats aangegeven

van deze methode temidden van andere methoden voor element (micro)analyse.

Vervolgens wordt in algemene zin ingegaan op de bepaling van element

massafrakties door middel van elektronensonde röntgen microanalyse in

dunne biologische objekten. Dan wordt ingegaan op de methode voor

massabepaling zoals deze wordt gebruikt in de elektronensonde röntgen

microanalyse, waarbij de intensiteit van de continue röntgenstraling

(remstraling) als maat voor de massa wordt genomen. Hierna wordt aangetoond

dat met een methode die is gebaseerd op verstrooiing van elektronen,

nauwkeuriger en meer betrouwbaar massabepalingen kunnen worden verricht.

Tenslotte komen in het eerste hoofdstuk kort nog enkele methoden voor

massabepaling aan de orde waarin de verstrooiing van elektronen op een

andere wijze wordt gebruikt dan in de tijdens het huidige onderzoek

ontwikkelde methode.

In de hoofdstukken 2 en 3 worden respektievelijk de ontwikkelde methode

voor massabepaling en de methode om deze te kalibreren beschreven. Voor de

uitvoering van de massabepaling is gekozen voor het maken van fotografische

opnamen, gevolgd door densitometrie. De opnamen wnrden gemaakt met een

transmissie elektronenmicroscoop in de helderveld belichtingsmode. De

bepaling van de optische dichtheidsverdeling in deze opnamen vindt plaats
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'\i met behulp van een computergestuurde scanning mi crodens i tonieter: het

', BioPEPR systeem. Voor de k a l i b r a t i e worden opnamen van bolvormige objekten

.} gemaakt. Door gebruik t e maken van de bekende massaverdeling van deze

!j o b j e k t e n i s een s n e l l e en n a u w k e u r i g e k a l i b r a t i e m o g e l i j k .

I n h o o f d s t u k 4 , een o v e r z i c h t s a r t i k e l , w o r d t een v e r g e l i j k i n g g e m a a k t

t u s s e n e n k e l e m e t h o d e n v o o r m a s s a b e p a l i n g d i e kunnen w o r d e n g e k o m b i n e e r d

met elektronensonde röntgen microanalyse. In hoofdstuk 5 wordt beschreven

hoe de in het huidige onderzoek ontwikkelde massabepalingsmethode kan

worden geïntegreerd met de elektronensonde röntgen microanalyse t o t een

nieuwe methode voor kwant i tat ieve elementanalyse van dunne biologische

objekten. In d i t hoofdstuk wordt vooral ingegaan op de afstemming van de

twee, van elkaar onafhankel i jke, methoden op elkaar. De nieuwe methode voor

kwant i ta t ieve elementanalyse is gebru ik t voor de analyse van calcium,

magnesium en zwavel in ind iv iduele bloedpIaat jes van de r a t . De resul taten

van d i t onderzoek, beschreven in hoofdstuk 6, z i j n in goede overeenstemming

met gepubliceerde waarden.

In hoofdstuk 7 worden de eerste resu l ta ten gepresenteerd die z i j n behaald

met een methode voor massabepaling d ie gebruik maakt van teruggestrooide

elekt ronen. Deze aanpak kan leiden t o t een belangr i jke u i t b re i d i ng van het

toepassingsgebied van elementanalyse door middel van elektronensonde

röntgen microanalyse.
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SUMMARY

MASS DETERMINATION BASED ON ELECTRON SCATTERING IN ELECTRON

PROBE X-RAY MICROANALYSIS OF THIN BIOLOGICAL SPECIMENS

This thesis describes an investigation that was undertaken to develop a

method for mass determination of thin biological objects by quantitative

electron microscopy. The method to be developed would have to be combined

with elemental analysis by electron probe X-ray microanalysis of the same

objects. Furthermore, the method should give more precise and more accurate

results than the existing method for mass determination in quantitative

X-ray microanalysis.

In chapter 1, several aspects of the investigation are dealt with. At

first, a short description is given of the method of electron probe X-ray

microanalysis. Its place among other methods for elemental (micro)analysis

is indicated. Then, the determination of elemental mass fractions by

electron probe X-ray microanalysis in thin biological objects is discussed

in general terms. Subsequently, a description is given of the method for

mass determination that is currently in use in electron probe X-ray

microanalysis; it uses the X-ray continuum (bremstrahluig) intensity as a

measure of the object mass. After this, it is demonstrated that the use of

a method based on electron scattering allows mass determinations with

better precision and better accuracy than is achievable with the method

using the X-ray continuum. Finally, the first chapter contains a brief

description of some mass determination methods that employ electron

scattering in a different way than does the method developed during the

present investigation.

Chapters 2 and 3 deal with the mass determination method developed and the

method to calibrate it, respectively. The practical realization of the mass

determination consists of photographical recording with subsequent

densitometry. Photographs are made with a transmission electron microscope

in the bright-field mode. Densitometry is performed with a computer

controlled scanning microdensitometer: the BioPEPR system. For the

calibration of the mass determination, photographs are made of spherical
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objects. By using the known mass distribution of these objects, a quick and

accurate calibration is possible.

In chapter 4, a review paper, a comparison is made between some mass

determination methods that can be combined with electron probe X-ray

microanalysis. Chapter 5 deals with the integration of the mass

determination method developed with electron probe X-ray microanalysis,

leading to a new method for quantitative elemental analysis of Thin

biological objects. Particular attention has been paid to the linking of

the two methods, which are independent of each other. The new method for

quantitative elemental analysis has been used to analyze the calcium,

magnesium and sulfur content in individual blood platelets of the rat. The

results of this study, presented in chapter 6, agree very well with

pub Iished data.

In chapter 7, the first results are given that were obtained by using a

mass determination method based on electron backscattering. This approach

may lead to a considerable extension of the application range of elemental

analysis by electron probe X-ray microanalysis.
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S T E L L I N G E N

Bepaling van de massa per oppervlakte eenheid van voldoend dunne amorfe

preparaten, met een hoog lateraal oplossend vermogen kar het beste worden

uitgevoerd met behulp van elektronen-verstrooiing.

Dit proefschrift

II

Bij de vaststelling van element massafrakties in de elektronensonde röntgen

microanalyse kan het gebruik van verstrooide elektronen in plaats van continue

röntgenstraling voor massabepaling leiden tot een belangrijke verhoging van

de nauwkeurigheid en de precisie van de resultaten.

Dit proefschrift

III

Het gebruik van objekten met een bekende massaverdeling voor de kalibratie van

een elektronenmicroscopische massabepalingsmethode biedt de mogelijkheid om de

geschiktheid van elk objekt afzonderlijk na te gaan.

i
Dit proefschrift '\

IV

De verklaring die Harvey et al. geven voor de door hen gevonden afwijkingen

van de verwachte relatie tussen de elementkoncentratie enerzijds en de gemeten

intensiteitsverhouding van karakteristieke en continue röntgenstraling ander-

zijds, is in strijd met de resultaten van het door hen aangehaalde onder-

zoek van Morgan and Davies.

DMR Harvey et al. (1984)

J Microscopy 133:239-253.

AJ Morgan, TW Davies (1982)

J Microscopy 125:103-116.



De spreiding in de resultaten van Leapman et a l . , betreffende de bepalingen

van de calcium massafraktie in Araldite coupes met massabepaling door middel

van EELS, zou geringer zijn wanneer de botsingsdoorsnede van calcium voor

inelastische verstrooiing van elektronen in rekening was gebracht.

RD Leapman, CE Fiori, CR Swyt (1984)

J Microscopy 133:239-253.

VI

De criteria die Takaya aanhoudt om bloedplaatjes in 'whole mount' preparaten

te selekteren voor analyse zijn niet voldoende om te komen tot betekenisvolle

resultaten.

K Takaya (1980)

Acte. Histochem Cytochem 13:540-552.

VII

Volumemeting van cellen die kunnen aggregeren, met behulp van een methode die

niet onderscheidt tussen individuele cellen en cel-aggregaten, dient kritisch

te worden bekeken, in het bijzonder wanneer de invloed van aggregatie-

stimulerende stoffen wordt bestudeerd.

BS Bull, MB Zucker (1965)

Proc Soc Exp Biol Med 120:296-301.

VIII

De benaming 'mass scattering method' voor een massabepalingsmethoda die is

gebaseerd op elektronen-verstrooiing, wekt ten onrechte de indruk dat deze

methode gepaard gaat met aanzienlijk massaverlies.

KL Monson, TE Hutchinson (1981)

In: Microprobe Analysis of Biological

Systems, AP Somlyo, TE Hutchinson eds.

Academie Press, New York, pp. 157-176.



IX

Het niet benutten van moderne mogelijkheden voor on-line data-acquisitie van

elektronenmicroscopische beelden betekent tijdverlies.

X

Bij de herstrukturering van het Nederlandse amateurwielrennen heeft de KNWU

verzuimd een behoorlijke financieel-maatschappelijke regeling te treffen voor

de betrokken toprenners, zodat het beoogde inlopen van de achterstand in

wielerprestaties op de zgn. Oostbloklanden onwaarschijnlijk moet worden

geacht.

Nijmegen, 18 oktober 1984 Peter W.J. Linders


