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ABSTRACT 

The composition of the surface material of minor bodies in the solar 
system can be measured using a semiconductor soft X-ray spectrometer mounted 
on the space probe. The characteristic X-rays are to be excited by a 20 kV-low 
current electron beam of an on-board electron gun. The main features of the 
method are described. Estimations on its sensitivity, supported by a model 
experiment, are also given. The minimum fly-by distance to apply this method 
can be estimated as a few kilometers. 

АННОТАЦИЯ 

Химический состав вещества поверхности малых объектов Солнечной системы 
может измеряться с помощью полупроводникового спектрометра мягкого рентгенов
ского излучения, установленного на борту космического аппарата. Генерирова
ние характеристического рентгеновского излучения осуществляется пучком элект
ронов электронной пушки с напряжением 20 кВ и током в несколько миллиампер, 
расположенной также на борту космического аппарата. Коротко описывается ме
тод измерения и дается оценка его точности, подтвержденная результатами мо
дельных экспериментов. С целью достижения необходимой точности космический 
аппарат должен пролететь над поверхностью небесного объекта на расстоянии, не 
превышающем нескольких километров. 

KIVONAT 

A Naprendszerben található kisebb égitestek felszínének összetétele egy, 
az Űrszondára szerelt félvezető lágy-röntgen spektrométerrel mérhető. A ka
rakterisztikus röntgen sugárzás gerjesztése egy, ugyancsak az űrszondára sze
relt, 20 kV-os, néhány milliamperes elektronágyu nyalábjával történik. A mód
szer vázlatos ismertetése után becslést adunk az érzékenységére vonatkozólag. 
A becslést modellkísérletekkel támasztottuk alá. A kellő mérési pontosság el
éréséhez a felszint legalább néhány kilométernyi távolságra kell megközelí
teni. 



SUMMARY 

X-ray spectra - excited in the surface material of a ce
lestial body - depend on the composition of the surface material. 
They provide information on the concentration of elements in the 
top few hundred micrometers of the surface. On a rendezvous 
mission to an asteroid or to another minor body the detection 
of X-ray fluorescence spectra enables a large number of elements 
to be analysed, including most of those of prime scientific in
terest . 

The proposed experiment has the following main features: 
- Using a spacecraft-mounted electron gun producing e.g. 
1 mA current of 20 keV particles, atoms in the surface 
layer of a minor celestial body with no intrinsic magnetic 
field and atmosphere can be excited and will emit charac
teristic X-ray radiation. The fluorescent X-ray spectrum 
is detected on board by a cooled Si(Li) semiconductor 
detector with an energy resolution of about 0.2 keV. 

- On the basis of the characteristic X-ray spectrum the con
centrations of elements from NŐ Ni can be determined. 
Moreover, by using higher electro., energies this range 
can be extended towards higher atomic numbers as well. 

- Various technical solutions are recommended for investi
gating local changes in surface composition. 

The proposed method is suitable for studying the surface 
composition of asteroids, minor celestial bodies and of planetary 
satellites having no atmosphere and intrinsic magnetic field, 
provided that the miss distance is less than a few km and that 
at least 100 sec is available for the measurements. 

The method has the advantage that it can be applied at large 
heliocentric distances, where solar radiation induced X-ray 
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fluorescence intensities are insufficient for composition tests. 
Its other advantage is that the exciting source is precisely 
known and that the intensity of the electron source can be varied 
as a function of the approach distance. 

An estimation of the expected accuracy of measurement- of 
the characteristic X-ray spectrum is given in the proposal and. 
our ideas concerning some subsystems, especially the power supply 
unit of the electron gun and the spectrometer electronics, are 
outlined. An estimate is given for the amount of data to be 
transmitted by the telecommunication system of the space probe. 
The possibility of data reduction by an on-board microprocessor 
based data-processing system is also discussed. 

Size, mass and power consumption 

electron gun with shielding 2 dm3 3 kg -
Detector system 1 dm3 1.5 kg -
Cooling system "3 dm ~5 kg 10 W 

Analogue electronic unit 2 dm3 2.5 kg 6 W 

Digital electronic unit 1 dm3 l.O kg 3 H 

Power supplies 3 dm3 5.0 kg 30 W 

T o t a l 12 dm3 18.0 kg 49 M 

I. SCIENTIFIC OBJECTIVES 

Asteroids seem to constitute an ordered assemblage of 
primitive planetesimals and their fragments in which important 
information is preserved about the structure of the protoplanet-
ary nebula and the processes that produced the planetary bodies 
of the solar system. 

One of the primary scientific purposes of investigating 
asteroids is to determine their composition. X-ray fluorescence 
measurements can provide information on the concentration of 
elements in the top few hundred micrometers of a surface. 

Asteroids are bombarded continuously by particles - including 
protons from the solar wind, from solar flares and from .the 
galactic cosmic rays. The footprint of these long-term bombarding 
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ments is preserved in the surface through enrichment of volatile 
material, activation of radioactive species, ionization damage, 
and loss of constitutents as a result of sputtering as well as 
outgassing. Consequently, the surface composition carries a 
mixture of information about the ambient structure of the ce
lestial body and external astrophysical effects. 

The remote sensing X-ray fluorescence method [1] was used 
to investigate the geochemical composition of the lunar surface 
in the experiments carried out on spacecrafts Apollo-15 and 
Apollo-16. In this case the characteristic lines of the elements 
forming the surface were excited by the primary X-ray emission 
from the solar corona. 

In order to detect the fluorescence radiation three propor
tional chambers were used but as the energy resolution of these 
detectors was not suitable for resolving the characteristic lines 
of the surface elements, one detector was equipped with a thin 
Al filter, another with a thin Mg filter. In these cases the 
Al/Si and Mg/Si concentration ratios of the surface could be 
determined in the vicinity of Mare Tranquillitatis. Though the 

2 
area surveyed by the detectors was about 100x100 km using dif
ferential scanning techniques, the above ratios were determined 2 with a resolution of about 15x15 km . 

Based on a similar principle another project is known in 
which a gas-proportional-scintillation detector with a large 
sensitive area and with considerably better energy resolution 
has been proposed to replace the proportional detectors [2]. 
This gas-proportional-scintillation detector safely resolves the 
К -lines of Si and Al in the case of low solar activity, while 
with flare activity it makes it possible to detect the К -lines 
of Mg, Al, Si, Ca and Fe though the separation of the К -lines 
of Fe, Co and Ni is uncertain. The advantage of this type of 
detector is the large sensitive area; against this, it has the 
disadvantage of a relatively large mass (1-2x20 kg). 

The common disadvantage of solar radiation excited fluor
escence spectrum measurements is that the intensity of the 
characteristic lines strongly depends on the instantaneous struc
ture of the X-ray spectrum of the solar corona, and this struc
ture significantly changes from time to time, particularly in the 
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case of flare activity. Thus it is necessary to measure simul
taneously the solar spectrum, consequently it may become necess
ary to have double the number of spectrometers. In Fig. 1 - on 
the basis of data of Ref. [2 J - the values of intensity of the 
К -lines of Si, Al, Mg and the Na content of basalt are shown as a 
a function of solar coronal temperature. It is obvious that the 
intensity ratio of these characteristic lines of most importance 
can significantly change even during low solar activity (see the 
curves below the coronal temperature of 4x10 K). At the same 
time the method has the advantage that the measured intensity of 
the fluorescence radiation does not depend on the distance be
tween the space probe and the celestial body as long as the sur
face fully occupies the field of view of the spectrometer. 

2. DESCRIPTION OF THE METHOD 

In our proposal the following situation is considered 
1. the approach distance of the celestial body to be 

examined is in the order of 1-10 km and the duration 
of the approach is larger than 100 sec; 

2. the celestial body has no significant atmosphere and 
intrinsic magnetic field; 

3. the magnetic field strength between the celestial body 
and space probe is small. 

When these conditions are met it is possible to excite the 
atoms of the material forming the surface by the electron beam 
of a 15-30 kV electron gun mounted on the space probe and to 
record the spectrum of the generated characteristic radiation 2 by means of a spectrometer with a total surface of a few cm , 
built of planar Si(Li) semiconductor detectors with an energy 
resolution of about 200 eV. The required exciting current is in 
the order of 1-10 mA. There is no special requirement with regard 
to the focusing of the electron beam except that the region of 
incidence of the electron beam is to be found within the surface 
region marked out by the field of view of the spectrometer 
(Fig. 2). It is also assumud that the solar corona is not within 
the field of view of the detectors. Thus the radiation detected 
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by the spectrometer arises almort exclusively from the surface 
of the celestial body under examination. The main components of 
the radiation consist of the fluorescence radiation excited by 
the solar X-ray emission and the X-ray emission excited by the 
electrons. 

The spectrometer detects the radiation quanta separately, 
the amplitude of the output voltage pulses being proportional to 
the quantum energy. The spectrum can be measured by using, for 
example, a multi-channel analyser. Because of the Be-window to 
be used in order to protect the detectors and to eliminate the 
visible and ultra-violet radiation the spectrometer is sensitive 
to energies higher than 1 keV. 

For a measurement of geochemical significance it is necess
ary that 

1. the characteristic lines of the most important elements 
could be resolved, 

2. the measured intensity of those lines should be statis
tically significant. 

The energy values of the К characteristic lines of the most 
important elements are shown in Table l. 

Table 1 

The Ka-energy of some important elements. Because of the 
Be-window, only those elements having BKa higher than 1 keV 

have been listed. For elements having lower atomic number 
the detector has an efficiency << loot 

В lement Вка (key, Blement Brn (keV) K<X Element * (keV) 
KCL 

Na 1.04 CI 2.62 Cr 5.41 
Mg 1.25 К 3.31 Mn 5.90 
AI 1.49 Ca 3.69 Fe 6.40 
Si 1.74 Ti 4.51 со 6.92 
S 2.31 V 4.95 Ni 7.47 

It can be seen from the data in Table 1 that the first 
requirement given above can be fulfilled if the energy resolu
tion is not worse than about 0.2 keV. The second requirement 
needs more detailed examination. 
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Let us consider a given element of the surface. Let n, 
(sterad" ) be the probability that one electron generates one 
К -quantum in unit solid angle directed towards the detector. 
During a measurement of period t the number of quanta within 
the К -line in question is given by 

N e = 6.24xlOxonItf/R (1) 
2 

where I [A] is the current emitted from the gun, f[m ] is the ef
fective surface of the detector system and Rfm] is the distance 
of the space probe from the surface of the celestial body. 

In Fig. 3 the probability n as a function of electron 
energy is shown for the thick targets indicated there. As n 

-4 turns out to be in the order of 10 for the electron energies 
considered, one can substitute in Eq.(l) п~Ю~ p, where p stands 
for the percentage abundance of the element being examined in 

-3 2 3 the surface material. Assuming p-10%, 1=1 mA, f=10 m , R=10 m 
and a measuring period of 100 sec, we obtain N =6200, with a 

-1/2 relative statistical error N ' =1.3%. A more accurate estima-e 
tion of л based on a model experiment will be discussed in 
section 4. 

The same characteristic line is excited by the radiation 
of the Sun as well. The number of those photons detected can be 
written as 

r„ 2 

N f = A o(-^) AQft (2) 

where r and r stand for the distances of the Earth and the о 
celestial body investigated, respectively, from the Sun; ДО 
[sterad] is the solid angle subtended by the detector field of 

—2 ~1 —1 
view; A [m • sterad • s ] is the intensity of the charac
teristic photons radiated back in unit solid angle and in unit 
surface area at the Earth's distance. For the values of coef
ficient A , data can be found in Ref. [2], some of them are 5 - 2 - 1 -1 shown in rig. l. Assuming A »10 photon*m •sterad >s as an 
estimation, ДО»10 sterad (a conical field of view with 6 

-3 2 aperture) f»lO m and a measuring period of t»100 s we find 
that for a celestial body at the distance of Mars, for example, 
we have N.»40 with a relative statistical error of 16%. At an 
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approach distance of R=10 km the electron excitation contribu
tion obtained is of the same order as that of the fluorescent 
one. Bearing in mind this possibility it seems to be of practical 
benefit to interrupt the operation of the electron gun from time 
to time in order to measure the fluorescence component as a 
background. 

In the measured spectrum the characteristic lines are super
imposed on a continuous background, the major part of which is 
the bremsstrahlung with intensity depending on the average atomic 
number of the material as well as on the electron energy. The 
background correction to each characteristic line does not exceed 
some per cent for most of the materials in question; the total 
continuous background, however, is to be taken into account as a 
detector loading rate. 

As has been proved by the spectra measured by electron ex
citation the intensity of total b~emsstrahlung background forms 
about 25% of the intensity of all characteristic radiations ex
cept for targets composed of elements of higher atomic number, 
in which case the intensity of the bremsstrahlung is of the same 
order or higher than that of the line radiation. A further back
ground with continuous energy distribution is generated by the 
solar radiation scattered back from the surface and by the cos
mic radiation penetrating the detectors. The corresponding in-

3 3 tensities can be estimated (see Ref. [2]) as 4x10 and 1x10 
-2 -1 -1 particles • m • sec. keV , respectively. 

-3 2 Considering R»l km, f=10 m , 1=1 mA and a region of 
energy analysis ranging from 1 keV to 10 keV, for estimating 
the detected intensity it is assumed that the essential part 

-4 
of the characteristic spectrum lies in this region (n * 10 ). 
In this case the detected photon intensities are as follows: 
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Characteristic radiation Continuous background 
radiation 

Source Detected 
photon/sec Source Detected 

photon/sec 

electron excitation 

fluorescence excite-' 
tion* for quiet Sun 
condition 

for flare activity 

600 

20 

100 

bremsstrahlung 

photons scattered 
back from solar 
radiation* 

cosmic radiation 

150 

40 

io 

T o t a l max. 700 T o t a l 200 

Data from Kef. [2] calculated, for example, to a celestial body 
found at a Hars' distance. 

The counting rate to be processed by the detector system is 3 in the order of 10 pulses/sec, for other R distances it varies 
_2 approximately as R with respect to the data given above. A' . 

beam current of 1*1 mA and distances of R 2 5 km the intensity 
of characteristic lines excited by electrons is of the same 
order or lower than the continuous background due to the cosmic 
radiation. The region in which the proposed method can be ap-2 plied can be characterized by the parameter a=If/R . 

Its lower limit is determined by the dominance of the 
fluorescence contribution and the continuous background correc
tion; the upper limit being connected with the maximum counting 
rate of the detectors and the corresponding electronics. The 
region of applicability is estimated as 

lo"13A £ a 4 lo~ UA (3) 

If the approach distance R is extremely large or small such that 
a does not lie in the above region, the electron current should 
be changed. 

The outlined measuring method, in its simplest version, is 
suitable for determining the average Composition of a surface 
lying in. the field of view of the spectrometer, provided that 
it is fully covered by the electron beam. Due to the relative 
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motions of the celestial body and the space probe (unless this 
notion is too rapid) there is a possibility to measure the local 
change in the compositiont during the passlng-by more spectra are 
measured in subsequent periods. If one scans periodically with a 
properly focused electron beam within the field of view by means 
of a deflector system one obtains fairly good space resolution. 
The amplitude, the identifier and the time of arrival of each 
detector signal are to be stored as a single event. In this case 
the phase of scanning should be precisely synchronized and the 
actual distance R should always be known (for higher R distances 
the total flight time of electrons and photons may influence the 
phase conditions of scanning on the surface). This procedure 
corresponds to the X-ray microanalytical method widely usr „л 
scanning electron-microscopes. 

A simple solution providing space resolution of medium 
quality is to equip the detector elements with collimators, each 
covering a possibly connected but non-overlapping region of the 
total field of view (Fig. 4). This method has the disadvantage 
that the detected intensity decreases as the space resolution 
increases, which can be compensated only by the measuring period 
or the beam current. 

It is necessary that the electron beam should trave« between 
the space probe and the celestial body without any essential 
change of direction otherwise the spectrometer has to be direct
ed in accordance with the deflection of the electron beam. The 
condition is that the Larmor radius of the electron path should 
essentially exceed the approach distance R, i.e. 

p/eH»R (4) 

in Si units, where e stands for the charge, p for the momentum 
of the electron and H for the magnetic field. For electrons of 

-4 20 keV energy the requirement HR« 5x10 T»m • 500 gauss »cm is 
obtained. It is also required that the surface of the examined 
celestial body should be free of local magnetic fields. The 
limit given by Eq. (4) holds for the strength and dimensions of 
this type of magnetic field too. 
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The above estimations indicate that by means of electron 
excitation. X-ray spectra of adequate accuracy can be measured 
to determine the concentration of the most important elementes 
forming the surface. Despite thé'fac.t that there is a possibil
ity for some on-board data reduction of spec'-ra (i.e. for per
forming the background corrections, identifying the character
istic lines and determining their intensities), the complete 
evaluation provides a task falling predominantly on the ground 
data-processing centre. The quantitative processing of X-ray 
spectra is a complex task of reference measurement and computa
tion. First it is necessary to select standard rocks and soil 
samples with surface and internal structures such that a spectrum 
similar to the measured one is obtained, then the concentration 
values in question can be computed by means of a program system 
comparing the spectra measured at the standard sample and the 
celestial body. Several program systems of this kind have been 
elaborated for microanalysis using electron beam probes and a 
program system of this type can be adapted for the given purpose. 
Measuring equipment for laboratory use in which standard ma
terials can be excited and measured in accordance with the ex
periments in space is required for the purpose of evaluation 
performed'on the ground. In standard microanalytical measuring 
arrangements using an electron beam, the angle between the 
momentum of the exciting electrons and that of the back-radi-

, ated photons is different from what can be realized in space, 
therefore these facilities can be used only with certain modifi-
cations. 

i 

3. INSTRUMENT DESCRIPTION 

3.1 Construction of the spectrometer 

As stated in Section 2, the spectrometer is to have an 
energy resolution ДЕ«0.2 keV in the energy region 1 keV£E£lO keV 
to be examined. This condition is met by commercially available 
3-5 mm thick planar 81(Li), Ge(Li), or intrinsic-Ge semiconductor 
detectors of „.od quality and of 1-2 cm surface, provided thee« 
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detectors and the FET-input stage of the pre-amplifier can be 
maintained at the temperature of liquid nitrogen (77 K). Under 
these conditions the typical value of resolution at E»5.9 keV [3] 
is AE»0.2 keV [3]. The known expression of the ДЕ linewidth 
(FWHM) for Si and Ge based semiconductor detectors is 

AE [eV] = / z 2 + 2 . 1 5 E [ e V ] f 

where the value of no i se component Z should be l e s s than 200 eV. 
At temperatures T>100 K, in the s o f t X-ray region the no i se 
component dominates with the t y p i c a l value of Z being 20 keV for 
T-300 K.* Of the three l i s t e d d e t e c t o r s , the appl icat ion of 
S i (L i ) de tec tors i s recommended from the p r a c t i c a l point of view. 
The Ge(Li) de tec tors are t o be kept at l iqu id nitrogen tempera
ture continuously in order t o prevent the red i s t r ibut ion of L i . 
The S i (L i ) and intr ins ic -Ge detec tors are t o be cooled down only 
for the period of the measurement. The Ge-based de tec tors have . 
the common disadvantage that the .probab i l i t y of the escape of 
the Ge К radiat ion i s by about 2 orders of magnitude higher than 
that of the Si [ 3 ] , therefore a great number of disturbing escape 
l i n e s can f a l l i n t o the energy region under i n v e s t i g a t i o n . 

Thus the spectrometer should c o n s i s t of a number of S i (Li ) 
de tec tor elements, corresponding to the required detec t ion sur
f a c e . These detector elements together with the FET-inputs of 
t h e i r pre-ampl i f iers can be mounted on a common cool ing block. 
The t echn ica l f e a s i b i l i t y of coo l ing i s not dea l t with here . 

The detrc tors must always be kept in a good vacuum 
- 4 (<10 t o r r ) . In order t o provide t h i s and t o e l iminate the 

v i s i b l e and u l t r a - v i o l e t radiat ions a 10 um »hick, i r o n - f r e e , 
vacuum-tight Be-window should be used in front of the d e t e c t o r s . 

Correct operation and the energy ca l ibrat ion of the 
detec tor system must bo checked p e r i o d i c a l l y . This checking 

The detector noiae if connected with the concentration of charge carrier! in 
the conduction band, this concentration being proportional to тЗ/2вхр(-е/2кТ) 
where e i i the width of the gap and T ia the temperature. In addition to the 
detector noiie the noiae of the pre-amplifier, which can be reduced to 
150-200 eV at a temperature of T*77 K, should alto be taken into account. 
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can be performed in practice by means of a weak Pe radiation 
source (Mn К , E«5.9 keV), which can be moved by remote control, a 

The detector system includes a carefully engineered col
limator or collimator system. Strong permanent magnets are to be 
used at the inlet of the collimator to keep out the electrons 
scattered back from the surface. 

3.2 Electronics 

A cooled Si(Li) detector assembled from 5-10 detector ele
ments serves for measuring the radiation. A separate amplifier 
is connected to each detector element. Using this method, for 
oil imated detectors it becomes possible to identify the detector 
signals, or to exclude the faulty detector elements. 

The simplified block diagram of the electronics is shown in 
Fig. 5. Each detector element comprises a preamplifier, a shaping 
amplifier and a delaying circuit. In order to achieve a lower 
noise level (Z » 200 eV) the input FET transistors of the pre
amplifiers together with the detectors are cooled. It is advis
able to perform double differentiation, pole-zero compensation 
and triple integration in the shaping amplifiers. The output of 
the amplifier is connected to a discriminator system whose signal 
gets to a special coincidence circuit. This circuit, in addition 
to the suppression of pile-up, creates the address of the 
operated detector and also controls the analogue multiplexer 
connected to the input of the ADC circuit. The analogue-digital 
converter (ADC) can be an 8-bit fast Wilkinson type ADC (»30 eV 
per channel). The address of the detector element and the 
digitized value of amplitude proportional to the energy reaches 
the digital signal processing unit. 

This reading method can be applied with a relative low loss 
(s 3% loss, by using a 100 MHz ADC) even with the maximum count 

4 rate of 10 pulses/s. 
The task and structure of digital signal processing elec

tronic equipment depends, to a large extent, on the nature of 
the measurement, on the features, and on the data rate of the 
telemétrie channel. The output data rate values are shown in the 
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table below using different data compressing methods at 
10 pulses/s data rate and lO detector elements. 

Data rate 

Bvent storage 20 kByte/s 

Spectrum storage 500 Byte/s 

Storage of the number of elements and trace 
elements 50 Byte/s 

Storage of the number of major elements (8 pes) 20 Byte/s 

The tasks of an intelligent data processing unit are as 
followst to calibrate the detectors and amplifier channels, to 
exclude the occasionally faulty channels from the measurement, 
to evaluate the auxiliary data (e.g. temperature of detectors, 
etc.), to perform background correction, to evaluate the measured 
spectra, to arrange the data formats and to perform the transi
tional storage of the data. 

This unit is also responsible for controlling and testing 
the operation of the electron gun. 

3.3 Considerations relating to the electron gun 

The electron-optics issues of the construction of the elec
tron gun are not be dealt with here but it must be emphasized 
that the already accelerated beam should not scatter on the metal 
parts of the gun (not even a fraction of the current) and proper 
protection of the detector system against radiation should be 
provided. If the distance R between the space probe and the 
celestial body is not too small, it is beneficial to mount the 
electron gun and the spectrometer on the space probe as far as 
possible from each other. 

The extent to which the long electron beam is made divergent 
by its internal electromagnetic forces is to be examined. It is 
also to be carefully studied to what potential the space probe is 
charged with respect to the target due to the emission of the 



- 14 -

electron beam and whether or not this prevents the emission. 
Consideration has also to be given as to whether it is practical 
to use an auxiliary, low-power ion source of the same current 
operating simultaneously in order to avoid charging up. 

nie discontinuous operation of the electron gun is required 
for measuring fluorescence radiation components and for back
ground measurements (for example, 10 sec of continuous operation 
followed by a pause of the same duration, in repeated cycles). 

3.4 Power supply unit of the electron gun 

The electron gun requires a power supply of 20 kV and 
1-10 mA. The power supply unit also provides the heating of the 
electron gun. It is useful to design the high-voltage supply 
units to have two stages: the first stage would generate a medium 
voltage (•» 300 V); the second stage would generate the 20 kV 
voltage level. 

3.5 Mass. volume and output requirements 

The estimated values relate to a detector system assembled 
from 10 detector elements, to the electronics and to an electron 
gun of 20 kV/l mA. The large capacity data memory is not included 
in the digital signal processing electronic equipment. The power 
requirement is to be understood as primary power (at an on-board 
voltage of 27 V). The weight and volume of the electronic unite 
include their supply units. 
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Hass Volume 
1 

Power 

Electron gun + shielding 3 kg 2 dm3 — 
Power supply unit 5 kg 3 d. 3 30 W* 

Cooling system (approximately) 5 kg 3 3 
cm 

10 W 
Detectors • collimators + cleaning 
magnet 1.5 kg 1 dm3 _ 
Detector electronics 
(for lo detectors) 

Amplifiers, multiplexer, ADC, 
coincidence 2.5 kg 2 . 3 dm 6.0 W 
Digital signal processing 
electronic device l.O kg 1 dm3 3.0 W 

^Assuming a duty cycle of 50* 

4. MODEL EXPERIMENTS ON METEORITE SAMPLES 

The yield parameter л of characteristic radiations excited 
by fast electrons plays a decisive role in the proposal. The 
measurability of a given characteristic line depends primarily 
on the order of magnitude of the corresponding л which, of 
course, is a function of the concentration of the element in 
question. In Section 2 it has been shown that at an exciting 

—3 2 current of 1 mA and assuming a detector surface of 1x10 m , 
an approach distance of 1 km and a measuring period of 100 s, 
3 4 

10 -lo photons can be detected in one characteristic line if 
the corresponding л is in the order of 10 (photon/electron • 
steradian). This value of л is based on an approximate estima
tion and should be confirmed either empirically or by calcula
tions on more exact grounds. 

For targett. of plain surface and consisting of a single 
element it is possible to determine л by simple calculation [4] 
with a result which, however, does not exceed the level of 
estimation due to some factors whose values are not precisely 
known. The difficulties are even more severe in the case of 
rocks and other materials consisting of more than one element 
and having a natural rough surface. Under these circumstances 
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an empirical determination of the yield parameter n has been 
preferred by using meteorite samples as targets. 

In our experiments three meteorite samples have been in
vestigated, the material of rock meteorites "Kunashak" (dust-like 
sample) and "Saratov" (grain samples), and smallI rough pieces 
from the iron meteorite "Sihote Alin". First the samples were 
examined by X-ray excitation. The exciting radiation source was 
shielded Cd-109 (22.1 keV, nominal activity 25 raCi) or Fe-55 
(5.9 keV, nominal activity 100 mCi) in annular source configura
tion. The spectrometer was a 30 mn*/3 mm Si(Li) Canberra semi
conductor detector, including an "X-Ray Amplifier", "Spectrum 
Enhancer" and MCA 8100 multichannel analyser. The purpose of 
this measurement was merely to get a qualitative picture on the 
rough structure of the spectrum above 2 keV quantum energies. 
That is why we did not attempt to minimize the absorbents (air 
gap, sample supporting sheet) between the sample and the detector. 
The measured spectra are shown in rig в. 6,7 and 8. The inserts 
correspond to excitation with 5.9 keV, with perpendicular axis in 
linear scale.The К -line of Ar arises from the air gap between the 
sample and the detector. Besides showing the most dominant el
ements this measurement demonstrates the extent to which the 
spectra depend on the energy of the exciting photons. 

The- actual model-experiment was performed by using the 
scanning electron-microscope JSM-35 (JEOL, Japan) of the in
stitute. This electron-microscope is equipped with a spectro
meter suitable for measuring x-ray radiation excited by the 
electron beam. It is a Si(Li) semiconductor detector with a 

2 7.5 um thick Be-window and an effective surface of f-12.4 mm 
manufactured by Princeton Gamma-Tech. - who also provided the 
a computer-based system for spectrum analysis and display. The 
distance of the detector from the irradiated point of the sample 
is R-89 mm, thus the detection solid-angle is A0«1.55x10 
steradian. The scanned area was always restricted to the surface 
of the samples. Two samples of each meteorite were examined. The 
samples were fixed in the standard way by means of graphite 
suspension. The electron beam had an energy of 20.0 keV and the 
current was 1-480 pA. The period of each measurement was 100 sec 
(live time), with a deadtime correction of about 21, The value of 
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the parameter a introduced in this proposal is a»7.4xlO Ar 
which tails into the interval of applicability (see Eq. (3)). 
The only essential deviation of the model-experiment from the 
arrangement given in the proposal is that the angle d between 
the momenta of the electrons and measured photons (see Fig. 9) 
was 64° (instead of d=0), due to technical reasons. 

The spectra measured on meteorite samples are shown in 
Figs.lo, 11 and 12. For clarity, one of the spectrum pairs is 
displaced along the vertical axis. In separate tables the number 
of counts below the more typical characteristic peaks (corrected 
for background) are also shown. As the measured intensities to a 
rough approximation vary with the cosine of angle 9, the number 
of counts given in the tables can be considered as a reliable 
lower limit, from the point of view of the experiment in space. 
Spectra similar in quantity and quality can be expected when 
measuring celestial bodies having surface and structure similar 
to those of the examined meteorites. 

It is obvious from the figures that even in the case of the 
iron meteorite, the continuous background due to bremsstrahlung 
is of relatively low intensity such that the P, S and Ni com
ponents occurring in a small part can also be detected. The 
discrepancies between the measurements on the same meteorite 
can be explained both by the microscopic differences in the con
centration distribution, and by the possibility that the emission 
of photons took place on a surface segment of different rough
ness. In the proposed space experiment all microscopic differ
ences, both in concentration and in surface structure, are ex
pected to be averaged out so that the measured spectrum reflects 
the average composition of the irradiated part of the surface. 

Finally, the values of the yield parameter n for each ele
ment found in the meteorite samples are summarized in Table 2. 
These are calculated by 

n " t-wS-cos 6 - 4.8xl0"9n 

where n is the average of the counts of the two measurements. 
The data in Table 2 correspond to d»0° and are given in units 
of 10* photons/electron»steradlan. 
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Table 2 

The yield parameter n in units of 10 photons/electron • 
steradian for different elements in the case of 

meteorites as indicated 

Element "Saratov" "Kunashak " "Sihote Alin" 

19 1.43 0.69 -

Л1 0.13 0.21 -
Si 3.88 3.37 -
P 0.089 - 0.20 
s О. 22 0.41 0.24 
к - 0.066 -

Ca 0.54 0.34 -

Cr 0.091 О.И -

МП 0.054 0.071 -

Fe 1.94 2.09 12.62 

Mi 0.054 0.047 О.39 
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Fig. 1. The specific fluorescent intensity of the 
Ka-lines of some elements in basalt as a 
function of the coronal temperature, at 
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Fig. 6. The X-ray fluorescent spectra of a sample from the rock 
meteorite "Kunashak" as excited by the 22.i keV X-rays 
of a Cd-109 source and by the 5.9 keV X-rays of a Fe-55 
source (see insert), respectively. The intensity of the 
latter spect-um is on linear scale 



- 24 -

countsAhannel 
arbitrary units Ca(K«) 

Fe -55 excitation 
200 s 

0 1 2 3 4 5 ElkeV] 

Ю* 

10* 

104 

if 

1<f 

counts/channel 
Cd -109 excitation 

400s 

Т,|1Л.|У l'.fr Vil 'V 'п.'У'''' .-'VlV.K 

10 ElkeVJ 
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Fig. 8. The X-ray fluorescent spectra of a sample from 
the iron meteorite "Sihote Alin" as excited by 
the 22.1 keV X-rays of a Cd-109 source 
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lO. The X-ray spectra of two samples from the rock meteorite "Saratov" as excited by a 
20 kev electron bean. Spectrum No 2 is shifted upwards. Insert shows the number of 
counts in the Ka~lines of the elements indicated 
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Fig. 11. The X-ray spectra of two samples from the rock meteorit« 
20 keV electrom beam. Spectrum No 4 is shifted upwards. 
counts in the Ka-lines of the elements indicated 

"Kunash&k" as excited by а 
Insert shows the number of 
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Fig. 12. The X-ray spectra of two samples from the iron meteorite "Sihote Alin" as excited by 
а 20 к eV electron beam. Spectrum No 6 is shifted upwards. Insert shows the number of 
counts in the Ka-lines of the elements indicated 
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