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Abstract. 

This review article deals with "y-rays following bombardment by 

charged projectiles and the use of this process as an analytical method. 

A general enumeration of analytical possibilities with expected sensiti

vities is given. The basic principles and the different possible produc

tions are summarized. A discussion of the physical background is included. 

Methods for quantitative analysis are discussed. Experimental arrange

ments are indicated and factors affecting the accuracy of analysis are 

considered. A number of applications are briefly described and a compa

rison with X-ray emission (PIXE) is made. 

I. INTRODUCTION 

For a long time prompt Y~ray spectrometry has been used for ana

lytical purposes. In 1960, Sippel and Glover ) have shown experimentally 

that inelastic scattering and nuclear reactions with protons can be used 

for the determination of magnesium and fluorine in geological samples. 
2 

Pierce et al. ) demonstrated that, via (d,p) reactions, carbon and oxy
gen contents could also be determined by prompt Y _ray spectrometry and 
that inelastic scattering with 4 MeV protons permitted a rapid determi-
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nation of silicon in steels ). But the resolution of the Nal(Tl) detec

tor they used limited their analyses for one or two elements. The advent 

of Ge(Li) detectors around 1970 made it possible to analyse simultaneous-
4 5 ly for a number of additional elements in the low energy region * ). 

6— 13 Since then, systematic studies ) with light and heavy projectiles 

have appeared showing clearly that prompt Y~ray spectrometry with a 

Ge(Li) detector constitutes a powerful multielemental analysis method of 

high sensitivity. 

The purpose of the present paper is to review the analytical pos

sibilities of the method for bulk analysis. The basic principles and the 

different possible productions of y-radiation are summarized. A discus

sion of the physical background is included. Experimental arrangements 

are discussed and factors affecting the accuracy of analysis are consi

dered. Finally, a number of applications are briefly described with the 

aim of illustrating the usefulness of the method and a comparison with 

PIXE is made. 

II. BASIC PRINCIPLES OF THE METHOD 

The main features of prompt Y~ray spectrometry with charged pro

jectiles can best be described by comments to a schematic diagram (fig.l). 

Samples and standards, thick enough to stop the projectiles, are bombar

ded with a beam of light particles (p,d,t,a) or heavy ions defined by a 

series of collimators. The irradiation chamber and the sample holder are 

isolated from the beam line by insulators and protected by a negative 

ring voltage (-300 V), they are connected to a current integrator, y-

rays emitted by the sample pass through a thin window in the chamber and 

are detected by a Ge(Li) detector. The pulses from the detector are ana

lysed in a multichannel analyser. 
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A typical spectrum is shown in figure 2. It consists of a number 

of peaks corresponding to the y - r ays of the elements indicated in the 

figure. The peaks are superimposed upon a continuous background origina

ting from Compton diffusion of yrays in the detector. The number of 

counts in a peak is a measure of the amount of the corresponding element 

in the sample. Since all the parameters determining the y-ray yield ei

ther are known or can be measured, an absolute determination of the quan

tities of different elements in the sample is possible. Using a computer 

and a program designed to analyse this type of spectra, a printout with 

the composition of the sample can be obtained a few minutes after the 

end of the run. 

The energy of the incident projectiles is usually in the range 1-

4 MeV/amu. However, parallel to the development of prompt *f-ray spectro

metry fpr bulk analysis, a large amount of works are focused, with rather 

low energies, on surface and profile distribution studies. This develop

ment, which has many applications, will not be included in the present 

article. 

III. PRODUCTION OF y-EAYS 

The interaction between accelerated charged projectiles and tar

get nuclei leads via nuclear interactions to the emission of characte

ristic y-rays. This phenomenon has been largely studied in nuclear phy

sics and particularly in nuclear spectroscopy with light projectiles (p 

and a) in order to determine the energy levels of nuclei. Theoretically, 

the reaction mechanisms are well known : nuclear reactions and inelastic 

scattering with light nuclei, Coulomb excitation with heavy nuclei. With 

heavy ions it appears that only Coulomb excitation is of great interest 

for multielemental analysis. This will be shown clearly in section IV.2. 

3 



III.I. Nuclear resonant reactions 

The nuclear reactions used are either resonant captures in light 

nuclei (p,Y) or reactions where y-rays follow single particle emissions 

from compound nuclei as (a.a'Y) or (p,ny) for example. The cross sec-
14 IS tions for these reactions ' ) vary with energy, being small except for 

narrow energy bands or resonances where they are as much as several or

ders of magnitude higher. The energies and widths of the resonances may 

be found in the nuclear physics literature. One example is shown in fig. 

3, a resonant structure is superimposed on the more slowly varying yield 

of the Coulomb excitation. The presence of such resonances in excitation 

functions is due to a "quantum mechanical matching" between the incoming 

wave associated to the projectile and an excited state of the compound 

nucleus which will be obtained. 

111.2. Nuclear reactions with low binding energy particles (d or t) 

These reactions are so exoergic that they can take place even at 

very low bombarding énergie». With deuterons direct reactions ) are do

minant, a stripping process occurs, due to the low binding energy, in 

which one of the particles of the deuteron is absorbed into the nucleus 

(d,p or d,n reactions). The product nuclei then desexcite by y-ray emis

sions. Because of a high excitation, many energy levels are available for 

its decay and the y~rays emitted have sometimes a complex energy spec

trum. With tritons, the reactions can be considered as a mixture of di

rect and compound processes. 

111.3. Coulomb excitation 

The excitation of the nucleus by the interaction of its Coulomb 

field with that of the bombarding nucleus is a purely electromagnetic 
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process. The cross section for Coulomb excitation ' ) , which vary 

smoothly with bombarding energy, depends on several factors including 

the energy, spin and parity of the excited nuclear state being populated 

relative to the ground state, the energy of the bombarding projectile 

and the strength of the Coulomb interaction. The last is described by the 

Sonrnerfeld parameter Ç"Z Z e /nV (Z and Z are the nuclear char

ges on the projectile and target nuclei, respectively, and V is the velo

city of the bombarding projectile). Because of a large dependence of this 

parameter, Coulomb excitation is more probable for targets with high ato

mic numbers and for the heavier bombarding projectiles. This, however 

does not take into account the fact that the nucleus must have a low 

lying excited state. As the energy of this excited state increases, the 

excitation probability decreases, but more quickly with the heavier pro

jectiles. Figure 4 shows clearly the advantage of using heavy ions for 

low AE transitions (Z2 is the nuclear charge of the target) and conse

quently for analytical purposes because of the high efficiency of Ge(Li) 

detectors at low energies (< 500 keV). 

IV. BACKGROUND 

In prompt y-ray spectrometry the minor or trace elements to be de

termined are always mixed with the bulk of the material in the sample, 

the so-called matrix. The y-rays registered by the Ge(Li) detector are 

not only characteristic y-rays from the trace elements but also back

ground radiation from the matrix. It is therefore of importance to dis

cuss in more details what are the general background conditions depend

ing on the projectiles. 
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IV.Ir Light projectiles 

What are the nuclear reactions leading to an important background ? 

Essentially those with light elements giving high energy Y radiation and 

consequently a "Compton background" at low energy where we can expect to 

detect y-rays from trace elements with high efficiency. Then the solution 

consists on inducing a limited number of such reactions and alpha parti

cles are the most appropriate projectiles. 

Troublesome high-energy Y radiation from light targets bombarded 

by a particles is almost entirely absent whereas protons produce appre

ciable capture radiation in the (p,Y) process (Ey of the order of 7 MeV) 

up to Z"v40, thus making the detection of low energy Y~ r ay s difficult. 

Moreover many of the nuclei between Z=20 and Z=50 have (p,n) thresholds 

lying between 1 and 2 MeV ; neutron background and induced positrcn acti

vities then complicate the problem. Standards which are available only 

as compounds such as oxides and chlorides and pellets of different com

pounds mixed with graphite can be used without difficulty with alpha par

ticles. Finally, general background Y radiation from the electrostatic 

accelerator is many times higher with other light particles than it is 

with alpha particles. These general considerations do not mean that only 

alpha particles are well suited to analytical purposes. For a given pro

blem and particularly on high Z matrices, the use of the other particles 

can be chosen because of reactions with larger sensitivities. 

IV.2. Heavy ions 

With heavy ions mainly two phenomena lead to the production of Y~ 

rays : the de-excitation of compound nuclei involving, for their forma

tions, bombarding energies near and above the Coulomb barrier and Cou

lomb excitation for incident energies below the Coulomb barrier. As on 

6 



the case of light projectiles the most convenient possibility to reduce 

the background is to induce only a few nuclear reactions. Indeed, if nu

clei compound formations occur, many exit channels are open for the de-

excitation and numerous residual nuclei are obtained with some y~rays 

for each contributing in making a complex spectrum with a high "Compton 

background". In table I are indicated for a 25 MeV oxygen beam the nume

rous residual nuclei identified by their y-rays for reactions on Li, Be, 

B, C, N and 0. We can also notice how nuclear interferences are impor

tant due to the large number of exit channels. 

Finally depending on the matrix, an incident energy below the Cou

lomb barrier for major and minor elements can be chosen. An optimization 

of this energy is very easy due to a very low penetration of the Coulomb 

barrier by tunneling effect. Moreover, using only Coulomb excitation for 

analytical purposes, depending on the projectile, ar. incident energy be

low the Coulomb barrier for all the elements can be chosen (fig.5). 

V. ANALYTICAL POSSIBILITIES AND SENSITIVITIES 

Each analytical problem is diffèrent and it is always very diffi

cult to deduce general considerations, many parameters mixing one another 

(natures and contents of major, minor and trace elements). Then, an impor

tant thing is to enumerate all the analytical possibilities for each ele

ment with the sensitivities expected. There are several ways of defining 

the sensitivity of an analytical method. In the present context, the pro

blem is to find small amounts of various minor or trace elements in a 

certain matrix. The most basic definition of the sensitivity is there

fore the minimum detecLable concentration. Irradiating a sample, as des

cribed in paragraph IV, a background arises. This background sets a limit 

to the sensitivity which can be obtained since, in order for a characte-

7 



teristic y-ray peak to be discerned, it must rise above the background 

in a statistically significant way. The number of pulses in the peak,Np, 

must then satisfy the relation 

Np > 3^J 

where Ng is the number of pulses in the background under the peak. 

In table II, all the sensitivities indicated in systematic stu-
fi 7 8 

dies from Deconninck et al. ' ) with protons, Clark et al. ) with pro-
10 12 20 tons and alpha particles, Borderie et al. ' ' ) with tritons and al-

9 13 
pha particles, Giles et al. ) with alpha particles and Borderie et al. ) 

35 
with heavy ions ( CI) are reported. Unfortunately, sensitivities are 

not always calculated as mentioned above. Elements are listed according 

to increasing atomic number and sensitivities are given for different 

projectiles and energies in different samples. Nuclear reactions, energy 

of y-rays and possible interferences are not included in the table but 

can be obtained -n references cited above. About 40 elements can be de

termined with high sensitivities (< 100 ppm) showing how prompt y-ray 

spectrometry with charged projectiles is a powerfull method. Particular

ly very high sensitivities (in the ppm range) can be obtained for light 

elements : Li, Be, B, N, 0, F, Na and P. 

In figure 6 the best detection limits for each element are indi

cated. Protons and alpha particles in the energy range 1-5 MeV appear to 

be the best choice for light element determinations. A large number of 

small accelerators are available now since their usefulness for nuclear 

physics research is somewhat limited and it should be advantageous to 

use them for analysis. Like deuterons, tritons are well suited to carbon 

and oxygen determinations. They can also permit a rapid determination of 

some metallic elements in the percent range. Finally heavy-ion-induced 

Coulomb excitation can be used for the determination of about 20 medium 
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and heavy elements at trace level. The complementarity of nuclear reac

tions with light projectiles and Coulomb excitation with heavy ions ap

pears very clearly. 

Depending on the analytical problem we can expect precise deter

minations of concentrations corresponding to about S or 10 times the best 

detection limits. 

Sensitivity can also be expressed as the minimum absolute amount. 

This can be calculated from the concentration of an element if one knows 

the amount of sample material analysed by the projectiles. With a beam 

area of 1 mm, the minimum detectable amounts of light elements are in 

the range 10 - 10~ g. The ultimate lower limit in detectable amounts 

of material is obtained by the microprobe technique (see section VII.3) in 

which the beam is so well collimated that the fine structure of the sam-
-3 pie can be studied. Beam diameters of about 5.10 mm have been reported 

and detection of amounts of 10 g can be expected. Of course, these num

bers are only meant as an illustration of the possibilities without large 

considerations for the practical problems, but they clearly show that 

prompt y-ray spectrometry with charged projectiles allows detection and 

analysis of very small amounts of material. 

VI. QUANTITATIVE ANALYSIS 

The production of Y-rays (Py) with energy Ey in a thin target by 

the interaction of nuclei A with z. beam of charged projectiles can be 

characterized by the expression 

P Y(E Y) = I N A a x (1) 

where I is the number of charged projectiles, N. is the number of atoms 

of nuclide A per gram of target, a is the cross section for production 
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of Y~rays with energy Ey in square centimeters and x is the thickness of 

the t.irget in grams per square centimeters, a is a function of the ener

gy of the charged projectiles. However, the energy of the beam is degra

ded only slightly in a thin target so that equation (1) can be considered 

constant. 

Contrastingly, if the enei^y loss in the target is appreciable, 

the variation of a with thickness must be taken into account. Thus, in a 

target of thickness greater than the range R of the charged projectiles 

(x>R), our case in bulk analysis, the production of f-rays is given by 

P Y(E Y) = I N A J a(x) dx (2) 
o 

or in an a l ternate form 

/• Ei / v-1 
P Y(E 7) - I NA J a(E) f ^ l j dE (3) 

where ff(E) represents the variation of cross section with projectile 

energy (the excitation function), -r— the stopping power of charged pro

jectiles in the target and E. the incident energy of projectiles. 

Taking into account the efficiency of detection n (solid angle and 

efficiency of the detector) the number Ny of y_rays detected is 

N^Ey) = I N A n(Ey) J 0( E) n*|j a;; (4) 

Generally for practica1 considerations, this formula is not used (espe

cially in cases of complex matrices) and several authors have developped 

simplified methods for ralcuiations. The only problem is to give a good 

approximation of the quantity 
E 

/ ' •»(*} 
rl 

dE (5) 
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Then the two formulae used for the calculations of the concentration of 

an element are 

(6) 
c 

s 
C s t 

N Ys 

" N Y s t ' 

S 

C 
s 

C s t 

N * s 

* N Y s t ' e 
<7) 

-.'here the sample (s) and the standard (st) are irradiated under the same 

conditions and C, Ny, S and R are concentration , number of y-rays, stop

ping power (at an energy depending on the method) and range respectively. 

With light projectiles ff(E) is negligible for an incident energy 

below <\< C.5 MeV and consequently in (5) values of stopping powers we need 

are always at higher projectile energies. In this case the Bethe's for-

mula ) for the stopping power can be used. Conversely, with heavy ions 

we are in the opposite part of the stopping power curve (fig.7) and 

Bethe's equation cannot be applied. 

VI.1. Light projectiles 

As we have seen, for the production of prompt yrays with light 

projectiles, some reactions have cross sections which vary smoothly with 

energy (Coulomb excitation) while others have resonant structures. 

23 Ricci and Hahn ) have proposed a very useful method called "the 

average cross section method" where only ranges are required (formula (7)) 

which can be applied for example, in determinations of elements where 

Coulomb excitation is used, but due to the approximation made for expres

sion (5) a very good accuracy is not obtained. Ishii et al. ) have shown 

that systematic errors reaching 5% are observed. When resonant reactions 
12 are used, Borderie and Barrandon ) indicate that errors reaching about 
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10% are possible. Nevertheless only ranges in standards and samples are 

required. For more accurate results and for reactions where cross sec

tions have resonant structures, Deconninck ) uses an empirical rule which 

requires stopping power values (formula (6)) at an energy where the in

tensity of the yyield in a thick target is reduced by a factor two. By 

this method, the accuracy of the calculation cannot be discussed because 

of the empirical rule. Boulton and Ewan ) have described a relative me

thod well suited to reactions at low energy and multi-elemental analysis 

which does not require ranges or stopping powers. Relative peak areas in 

a Y~ray spectrum are measured and the relative concentration of diffe

rent elements calculated by using data from standards. An independent 

knowledge of one of these elements allows a complete analysis. This me

thod can be of great interest in analysing "in situ" minerals in rocks 

with a microprobe : a major element dosed easily by other methods is 

the referential element allowing analysis of some trace elements. By this 

method, the limitation of the accuracy comes from the necessity for an 

independent determination of an element and from the stopping power ap

proximation made (same dependence of all the elements with energy which 

can introduce systematic errors). More recently, Ishii et al. ' ) pro

posed a very accurate method called "the average stopping power method", 

which makes use of excitation curves or thick target yields. It was shown 

that the stopping power at "an average energy" has to be used (formula 

(6)). By this new method the formula error itself is negligible and errors 

can be introduced only by uncertainties in the knowledge of stopping 

powers of elements and compounds. Similar to the idea of Boulton and 

Ewan, Ishii et al. ) have also proposed another bit absolute method de

rived from the average stopping power method. The systematic errors on 

the stopping power approximation of Bouiton and Ewan are now clearly de

fined and can be made negligible. 
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Finally some comments can be made concerning these methods : -as 
12 shown by Borderie and Barrandon ) when only one resonance is present in 

the excitation function of the used reaction, results from Ishii and 

Deconninck are nearly the same and in any case differences are low.-the 

average cross section method largely used in the past is not advisable 

when very accurate results are required ; if, however, one wants to use 

this mode of calculation, choice of standard is important to minimize 

the errors and approximately the same range must be chosen for both stan

dard and sample ; nevertheless, this precaution is not sufficient for 

complex matrices as geological materials due to the approximate rule for 

additivity of ranges. 

Concerning values of ranges and stopping powers, with light pro-
27 

jectiles recent tables from Andersen and Ziegler ) which take into ac
count secondary effects at low energy must be used. It is also advisable 

to be attentive to eventual results concerning deviations to Bragg1s 
28 rule (additiyity of stopping powers) due to chemical effects ) or va-

29 nations of stopping powers with physical nature ) . 

VI.2. Heavy ions 

13 
Borderie et al. ) have very recently proposed a method for quan

titative bulk analysis with heavy ions. This method based on the Lindhart 
Oft 

Scharff and Schi^tt theory ) for the stopping power uses a new expres

sion for the average cross section. With the help of experimental stop

ping powers to calculate ranges (formula (7)) and well known standards 

it was shown that accurate results can be obtained. Its utilization must 

be limited to an incident energy where stopping powers increase with the 

energy of projectiles. With chlorine ions 55 HeV is an upper limit. 
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With heavy ions the major problem is to dispose of experimental 

data for stopping powers or ranges because values calculated with com-
31 32 22 

puter programs * ) or tabulated values ) have sometimes important dis

crepancies with experimental results. 

VII. EXPERIMENTAL ARRANGEMENTS 

VII.1. Irradiation chamber 

Figure 8 illustrates the principles of a typical chamber design. 

Targets are mounted on a two dimensional translation stage. This allows 

up to twelve samples to be mounted and the surface of each to be scan

ned with the help of micrometer screws without breaking the vacuum. The 

sample holder is supplied with a quartz viewer for initial lining up of 

the beam. Samples and particularly pellets are mounted in Woods metal. 
2 Surfaces of samples are typically 1 cm . 

For many applications it is also very useful to detect other types 

of radiations from the sample including charged particles or X-rays. Fi

gure 9 shows a very versatile arrangement including a Ge(Li) detector, a 

thin planar intrinsic germanium detector for low energy Y ~ r a v s > a Si(Li) 

detector for X-rays, a Si surface barrier detector for charged particles 

emitted and an annular surface barrier detector for charged particle mea

surements near 180° scatter. 

VII.2. External beam 

The normal method of placing the sample in an evacuated irradia

tion chamber has some disadvantages particularly for liquids, biologicals 

samples or precious objects of large dimensions. Liquid samples have to 

be evaporated to dryness and samples containing water are deteriorate in 

14 



vacuum. A solution to these problems is to use an external beam. 
34 Deconmnck ) used an arrangement in which the proton beam passed out 

through a nickel foil (4.5 mg cm~^). For solid sample, analysis, taking 

advantage of the low stopping power of helium for protons, the beam is 

channeled in a narrow pencil of helium, so that an additional advantage 

the particle range is considerably increased, the helium gas flow acting 

as a cooling system and preventing target heating. For liquids, analy

sis are made by the proton bombardment in air at atmospheric pressure of 

a thin trickle of liquid or of a single drop hanging from a pipette. 

The great advantage of an external beam is the simplified sample 

preparation and handling. Any type of sample can be irradiated directly 

and sample changing is easy. A further advantage is that the sample is 

more effectively cooled at atmospheric pressure than in vacuum. Conver

sely, a complicating factor is the presence of a more important back

ground due to nuclear reactions in the foil and in air with oxygen and 

nitrogen. Finally, the measurement of the beam current is more complica

ted in the case of an external beam. A special case of an external beam 
35 

is the microprobe of Shroy et al. ) described in the next section where 
the foil is suppressed. 

VII.3. Microprobe 

Well focused beam of ions provide a very powerful means of deter

mining how the elemental composition of a sample varies with position 

and permit analysis "in situ" of microstructures. For example, lithium 

element which is very important in geochemistry, can be determined in 

microstructures in rocks, whereas this is not possible with the electron 

microprobe. Beams with a diameter of about 0.1 mm have been used by se

veral workers for microanalysis by means of nuclear reactions. Pierce et 
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4 a l . ) used a series of collimators to obtain a 0.1 mm proton beam which 

they used for analysis by prompt Y-ray spectrometry. A major improvement 

in beam was achieved by Cookson e t a l . ' ) by using a series of high 

precision magnetic quadrupoles. A beam diameter as small as 4 urn was ob

tained. Mow, some others microprobes with such low beam diameters 
38-42 42 

exis t ) . Bonami e t a l . ) very recently described a new microprobe. 

With this system, l ight project i les and heavy ions having a mass-energy 

product up to-70 amu.MeV/Z (Z= degree of ionisation) can be focused to 
a spot size of 10-30 pm and deflected in computer controlled patterns 

2 
over a target area of 1.5x1.5 mm . Heavy ions used for Coulomb exci ta
tion can match th is l imitation of the mass-energy product (39 amu.MeV/Z^ 
for chlorine ions at 55 MeV). 

35 Finally, Shroy et a l . ) used a microprobe with windowless-exit 

port due to a differential-pumping system which permits bombardment of 

samples at atmospheric pressure without the problems caused by passing 

the beam through thin fo i l s . 

VII.4. y r a y detection and electronics 

Ge(Li) detectors are now generally used in prompt Y~ray spectro

metry. A good resolution ("\< 2 keV at 1.33 MeV) a high efficiency (y 15-

20% re la t ive to a 3 in . by 3 in . Nal(Tl)) and a large peak-to-Compton 

ra t io (y 40) can be obtained and permit analytical investigations in 

good conditions. For low energy Y-rays, spectrometry with a planar hyper-

pure germanium detector (LEPS) can be very convenient (fwhm'^500 eV at 

122 keV). Charge sensit ive preamplifiers with dc-coupled configuration 

are associated to these detectors and their pulses are amplified in a 

spectroscopy amplifier. Shaping and f i l t e r ing in the amplifier are used 

to improve the signal-to-noise ra t io of the main amplifier and to shorten 

16 



the response time required for each pulse. Then pulses are converted in

to digital informations (ADC 100-200 MHz). For spectrum, a 4096 channels 

configuration is generally used. 

Ge(Li) detectors are exposed to neutrons during experiments and 

we want to make some comments about their response to neutrons. The res

ponse of the Ge(Li) detector to fast neutrons was studied systematically 
43 by Chasman et al. ) by using monoenergetic neutron beams of various 

energies and to thermal neutrons which is also important in in-beam mea-
44 surements by Rodda et al. ) . yrays frequently observed are listed in 

table III. They originate not only from Ge crystal but also from surroun

ding materials. Some Ge(Li) detectors contain fluorine (teflon) in their 

assembly and consequently determinations of fluorine must be in such ca

ses realized with monitoring the neutron yield from the sample under bom-
33 

bardment ) . 

VII.5. Spectrum analysis 

To determine what elements are detected in a single run, their 

amounts and upper limits for other elements, it is necessary to locate 

and determine energies and intensities of all peaks in the Y _ r a y spec

trum. Due to the high resolution of Ge(Li) detectors and generally to 

the limited number of y-rays, peaks are usually well separated without 

presence of doublets or multiplets. Fast computer codes for automatic 

peak search are currently used. Peaks are located by passing a "digital 

filter" ) through the spectrum channel-by-channel. The effect of the 

filter is to reduce the background portion of the spectrum to a level 

near zero but to leave the peak. Depending of the resolution,the limits 

of integration for the photopeak are then established and the net inte

gral is calculated by substracting the background contribution from the 
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gross counts of the peak. A discussion of this method of peak area eva-
49 

luation is given by Covell ). 

VII.6. Target preparation 

Targets have to be thick enough to stop the beam and homogeneous (see 

section VII.1). but the nature of the target is otherwise unimportant. 

Different types of target are used but sample preparation is generally 

kept to a minimum. Some geological samples are analysed as rough chips ; 

20-30 pm thick polished sections of rock, previously prepared for opti

cal microscope examination are analysed directly ; powdered samples of 

rocks and some standards are compressed into pellets. Some samples and 

particularly pellets are mounted in Woods metal. Biological materials 

are free-dried and are then compressed. 

VII. CHECKS FOR ANALYSIS 

VII.1. Checks for sample analysis 

Due to low energy beams, ranges of projectiles are short (10-100 

Vim) and consequently volumes analysed very small. Then for heterogeneous 

samples, checks have to be made to verify if the small irradiated volume 

is representative of the sample, and for homogeneous targets if the sam

ple is quite uniform. 

For powdered samples of rocks, Borderie et al. ' ) have made a 

statistical treatment based on several analysis each at different posi

tions in the sample. It was shown that for powdered samples with granu-

lometry below 80 ym a beam surface of 20 mm* has to be used for represen

tative results of the sample (projectiles were 3.5 MeV alpha particles). 

Boulton and Ewan ) have used two methods of checking for systematic 
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errors caused by nonuniformities in samples. For the first method two y 

rays produced by different reactions in the same element were selected. 

For each run, their thick-target yields were determined and the ratio 

calculated. For a homogeneous sample and a fixed bombarding energy, this 

ratio is independent of the concentration whereas nonuniformities affect 

the two thick target yields differently (due to differences between exci

tation functions). For the second method, the ratio of thick-target 

yields for any two yrays was determined in two successive runs at diffe

rent beam energies. For a homogeneous target, the ratio of the values ob

tained from these two runs should be a constant independent of target 

composition. For this method, the same beam spot on the sample was bom

barded at different energies. 

VII.2. Checks for stability of samples 

The stability of each sample under beam conditions can be checked 

by comparing the Y~ray data from two consecutive runs on the same beam 

spot of the target. 

Samples are generally stable. Nevertheless, Boulton and Ewan ) 

indicate that some silicate minerals were found to lose sodium. As men

tioned by Boulton and Ewan, Borderie et al. ) indicate that fluorine was 

lost from rocks at high beam current and little beam spot ; an apparent 

increasing of lithium certainly due to a departure of water from biotite 

was also shown (fig.10). 

VIII. APPLICATIONS 

In recent years, prompt y-ray spectrometry with protons or deute-

rons have been used in a variety of materials. Now, with possibilities 

demonstrated with tritons, alpha particles and heavy ions, we can expect 
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other applications. With alpha particles, applications have appeared 

very recently. 

In the present paragraph, some applications will be presented. 

For heavy-ion-induced Coulomb excitation, very recently studied, possi

ble applications will be discussed. 

VIII.I. Geological samples 

Prompt y-ray spectrometry has been used for geological applica

tions in two directions : determinations of some minor and trace elements 

which are very important in geochemistry to understand geological forma

tions and participations for accurate knowledges of different elements 

(major, minor and traces) in standard rocks ; these standards very well 

dosed are then employed as reference materials and due to the fact that 

geological samples are complex matrices, they are of great interest for 

numerous relative analytical methods. 
g 

Clark et al. ) measured 28 elements in a USGS standard rock using 

resonant nuclear reactions, Coulomb excitation and X-ray emission. Pro

tons and alpha particles ranging in energy from 0.8 to 4.0 MeV were used. 

With prompt y-ray spectrometry, 13 elements were determined including ma

jor, minor and trace elements (Li, F, Na, Mg, Al, Si, P, S, Cl, Ti, V, 

Mn, Fe). 

Boulton and Ewan ' ) studied, on a series of boron-rich potas

sium feldspars, the effect of boron on the cell dimensions of potassium 

feldspars (at 1.8 MeV proton energy). In these samples, concentrations of 

boron are in the range of parts per thousand. Other geological materials 

were analysed including standard rocks, chondrodite , calcite, korneru-

pine, quartz, garnet, alkali feldspars and mica samples. 
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Borderie et al. ), using 3.5 MeV alpha particles determined li

thium contents at trace levels (15-1000 ppm) in different standard rocks 

(CRPG and ANRT). Irradiation conditions and quantitative calculations 

used permit very accurate results to be obtained and moreover due to sen

sitivity for lithium, values with high precision were Riven. A good 

agreement was registered with recommended or proposed values except for 

biotite standard where recommended value was obtained from disparate re

sults. Lithium-rich basalts were also analysed (lithium contents in the 
2 range 30-200 ppm) and, using a beam spot of 4-5 mm on polished sections 

of rocks previously prepared for optical microscope examination, it was 

possible to show that lithium was essentially in feldspars. In the same 
4 

way, Pierce et al. ) irradiated a copper-pyrite sample using 4 MeV pro
tons with a beam diameter of about 200 Mm. Moving the beam accross the 
sample, relative concentrations of magnesium, aluminium, silicon and 
iron were determined (fig.11). 

VIII.2. Steel samples 

Many elements are incorporated into steels as minor components in 

order to create alloys with specific characteristics and prompt methods 

are well suited when results are required quickly. Generally X-ray emis

sion and resonant nuclear reactions or Coulomb excitation are associated. 

Deconninck and Demortier ) measured very quickly (irradiation time :5m), 

in stainless steels, different contents of major or minor elements chro

mium, manganese and iron by (p,Y) reactions with 2.2 MeV proton energy. 
52 Gihwala et al. ) using 5 MeV alpha particles determined vanadium and 

molybdenum in steels at different contents (V: 0.04-2.1% ; Mo : 0.3-8.3%) 

with a good precision (̂  3%). The extent of interference from other ele

ments was discussed. Determination of nitrogen at very low concentration 
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are tedious with the standard analytical techniques. Using prompt parti

cle spectrometry, via (d,p) or (d,a) reactions, sensitivities in the 
-3 -5 10 -10 g/g range were obtained. The advantage of prompt y ~ r a y spec-

53 trometry lies in its simplicity and Gihwala et al. ) with 5 MeV alpha 

particles measured nitrogen in steels in the concentration range 50-100 

ppm with a relative precision of about 3%. The sensitivity was found 

about 7 ppm. 

VIII.3. Biological samples 

It is well-known that the quantitative determination of trace ele

ment concentration in biological tissue is an important problem. It has 

also some medical implications. 

Boulton and Ewan ) analysed beam leaf to determine boron concen

tration, which is an essential nutrient to plants in trace quantities, 

but is poisonous in large quantities. The target for this study was pre

pared by dipping the leaf sample into liquid nitrogen and crushing it 

vhile frozen to facilitate sublimation in the freeze-dryer. Then by com

pressing a target was formed. The boron concentration in this sample was 

high (600 ppm) but they indicated that much smaller quantities could 

clearly be detected. Blood serum was also analysed. Three samples, one 

from a normal healthy individual and two from patients undergoing li

thium therapy treatment for mental disorders were freeze-dried and the 

resulting powders compressed into pellets. In figure 12, parts of spec

trum for the different samples are shown. The lithium content in figure 

12D corresponds to 0.32 ppm by weight of lithium in blood serum. 1.2 MeV 

was chosen in "normal" blood serum instead of 1.8 MeV to reduce the sen

sitivity to sodium. 
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VIII.4. Archaeological samples 

Determinations of major and sometimes minor or trace elements are 

very important for the characterization of archaeological objects. 

Coote et al. ) measured sodium, fluorine and aluminium contents 

in obsidians by inelastic scattering of 3 MeV protons. Ancient civilisa

tions used the black volcanic glass obsidian as a tool material and it 

is often encountered in archaeological sites. Analysis of artefacts and 

comparison with analyses of obsidian samples from possible source sites 

can often give information about trade routes. 120 specimens were stu

died and it was shown that the fluorine/sodium ratio gave the best sepa

ration of source sites. This non-destructive method is of great interest 

to valuable or irreplaceable samples. Borderie et al. ' ) analysed li

thium and fluorine in Roman ceramics to determine possible changes in 

sea environment. 3.5 MeV alpha particles were used and due to found 

contents (Li : 50-100 ppm ; F : 200-2000 ppm) a rapid determination of 

these 2 elements was obtained (irradiation time <\» 15 m) . Samples with 

same type but issue from two sites were irradiated. For sea environment 

samples (Giens) an important increasing of fluorine contents is regis

tered (fig.13) whereas no significant variations of lithium appear. Mo

reover it was shown that fluorine must be considered as an important ele

ment for characterization. 

VIII.5. Dust and aerosol samples 

Methods which permit analysis of small samples are required. Thus, 

X-ray emission and prompt y~ r ay spectrometry for light elements are used. 

Shabason and Cohen ) described a method for obtaining a quanti

tative analysis of dust accumulated on air filters. Sample sizes were as 
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small as 150 mg and obtained by pressing the powder. Carbon, nitrogen, 

oxygen, aluminium, silicon, sulfur, calcium and iron were determined at 

major contents (£ 1%) with a proton beam (4, 6, 8 MeV). 

Recently, Macias et al. ) presented a technique for the simul

taneous quan-itative determination of carbon, nitrogen and sulfur in at-

aiospheric aerosol samples by analysing the y-rays emitted following the 

inelastic scattering of 7.0 MeV protons. Samples are nondestvuctively 

irradiated for 1000 s in a helium atmosphere. Thus they are not subjec

ted to reduce pressures, moreover they can be used for subsequent ana

lysis. 

VIII.6. Single crystals 

Conventional chemical methods used for the determination of light 

elements do not permit analysis from a single crystal and in any case 

the method is destructive. 

Borderie et al. ) have determined, with 3.5 MeV alpha particles, 

stoechiometry ratios for lithium/fluorine and sodium/fluorine in single 

crystals (Li-ThFy ; Li 2Th 5F 2 2, LiOH ; ThgF^, H 20 ; Na-UFg) . Single crys

tals irradiated were those employed with Weissenberg camera and preces

sion photographs. In two cases stoechiometry ratios deduced from crystal

lographic studies were confirmed, in other cases, some possibilities were 

yet present after crystallographic studies and prompt y-ray spectrometry 

gave the solution. 

VIII.7. Heavy ions 

Numerous possibilities are present with heavy-ion-induced Coulomb 
13 excitation ) (HIICE) and we can try to define the most specific of them. 

The obtained sensitivities permit a rapid determination of many elements 
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(precious metals, rare earths...) in the per cent or per mil range. The 

determinations of nine rare earths can be envisaged at 50-100 ppm level 

in some geological samples. If neutron activation analysis is more sen

sitive, this new method can permit "in situ" measurements. We can also 

use HIICE after a chemical separation of the rare earth group ; then 

their rapid determination is feasible. 

IX. USE OF X-RAY EMISSION IN COMBINATION WITH NUCLEAR REACTIONS 

As mentioned previously, charged projectile induced X-ray emis

sion (PIXE) and prompt y-ray spectrometry can be associated. One of the 

problems with PIXE is that the lightest elements cannot be determined 

with the use of standard silicon detectors. Those elements are dosed 

with high sensitivity by detecting y-rays. For elements above Z=15 PIXE 

is of great interest and sensitivities in the ppm range can be expected. 

However, because of the atomic phenomenon (no selectivity of elements) 

it is only well suited to analysis of trace elements with atomic number 

larger than those of the major sample components, thus HIICE which is 

quite selective must be the complementary method. Trace elements in a Z' 

matrix can be determined by HIICE for some trsr.es with Z<Z' and by PIXE 
57 58 

for traces with Z>Z'. Shabason et al. ) and Zeisler et al. ) have 

shown that heavy ions can be used in PIXE and then, only one heavy ion 

beam must be selected for detecting either the emitted y radiation and 

X-ray emission. Some other disadvantages connected with the use of PIXE 

must be mentioned : thick samples are not very convenient due to absorp

tion in the sample ; complicated target preparation is generally needed 

and, in spectrum analysis, for many applications many multiplets of 

varying complexity must be resolved. 
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Both the simplicity of prompt f-ray spectrometry and its analyti

cal possibilities with those larger of PIXE permit to say that Y and X-

ray spectrometry with charged projectiles appear to be a very strong 

analytical tool. 
o 

Clark et al. ) discussed this technique in considerable details 

and applied it to the analysis of geological samples. By irradiating a 

sample with protons and alpha particles (0.8-4.0 MeV) and combining X-

ray and y~ray detection they were able to determine 28 elements from Li 

to Ba with good accuracy. 

X. CONCLUSIONS 

It is obvious from the account presented here that numerous new 

possibilities have been clearly shown in a short time and that prompt 

y-ray spectrometry with charged projectiles is now a powerful analyti

cal tool. Thus, an increasing number of practical applications can be 

expected. Moreover, we dispose of methods for quantitative calculations 

which permit very accurate analysis for both projectiles : particles or 

heavy ions. 

I am very grateful to Professor M.Lefort for critical reading of 

the manuscrit. 
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FIGURE CAPTIONS 

Figure 1. A schematic diagram of the experimental arrangement. 

A-target chamber, B-beam passing through a série of collima

tors, C-quartz viewer for initial lining up of beam, 

D-sample, E-Ge(Li) detector, F - thin window, G - insulators 

and ring voltage. 

Figure 2. Characteristic y-ray spectrum for a geological standard. From 

ref.8). 

Figure 3. Excitation function of the 197 keV y-ray from the second exci-
19 23 

ted state of F. Resonances correspond to levels in Na. 
From ref.16). 

Figure 4. E2 cross-sections for deuterium, helium and carbon projectiles, 

expressed as a ratio to the E2 cross-sections for protons 

having the same energy (the overwhelming majority of the exci

tations in the Coulomb excitation are the electric quadrupole 

transitions). From ref.18). 
35 Figure 5. Coulomb barrier in lab. for CI projectiles on very light 

targets. 

Figure 6. Best detection limits obtained with different projectiles. 

Figure 7. Stopping power curves for different projectiles in a medium 

element, silver (from ref .22)) .The hatched regions show the 

energy intervals where projectiles participate in analysis. 

Figure 8. A typical chamber : a.top view ; b side view. 

Figure 9. A versatile chamber arrangement for analysis. From ref.33). 
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Figure 10. Variation of lithium and fluorine contents with different ir

radiations on the same beam spot. Sample was biotite mica-Fe. 

From ref.50). 

Figure 11. Change in relative concentration of magnesium, aluminium, sili

con and iron across a copper pyrite sample. From ref.4). 

Figure 12. y-vay spectra in the region of the sodium and lithium peaks 

for blood serum samples. (A) Sample 1, 0.45 mequiv/L lithium, 

1.8 MeV protons. (B) Sample 2, 1.1 mequiv/L lithium, 1.8 MeV 

protons. (C) Sample 3, "normal" blood serum, 1.8 MeV protons. 

(D) Sample 3, "normal" blood serum, 1.2 MeV protons. From 

ref.ll). 

Figure 13. Histograms of lithium and fluorine contents (N : number of 

analysed samples). From ref.50). 
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TABLE CAPTIONS 

Table I. Reactions identified by Y radiation from residual nuclei 

(projectile : , 60-25MeV). Fromref.20). 

Table II. Sensitivities obtained with different projectiles. In niobium 

sensitivities were obtained for irradiation conditions : 1 hr -

500nA. (a) Targets were a mixture of rock powder and 10% gra

phite, sensitivities were obtained from 1000 pO of integrated 

charge, (b) Sensitivities are estimated values, (c) Sensitivi

ties are based on 0.1 count/pC detected in Ge(Li) 10 cm from 

target, (d) Sensitivity cited represents the concentration of 

the element for which the net integrated counts under the peak 

was three times the standard deviation of the background over 

which the peak was measured. 

Table III. Principal spectral lines of Ge(Li) detectors produced by neu

trons. They originate not only from the Ge crystal but also 

from surrounding materials. From ref.43,44 and 45). 
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Element Nuclear Reaction 

Li 
7Li( 1 60,n) 2 2Na 
7Li( , 60,a) 1 9F 

9Be( l 60,p) 2 4N a 

Be 
9Be( l 60,pn) 2 3Na 
9Be( 1 60,a) 2 1Ne 
9„ ,16. .20., Be( 0,an) Ne 

I OB( 1 60,ap) 2 ]Ne 

B , 0B( 1 60,2a) , 8F 
nB( 1 60,2a) l 9F 

, 2C( l 60,n) 2 7Si 
, 2C( 1 60,p) 2 7Al 

C , 2C( 1 60,pn) 2 6Al 
I 2C( 1 60,2p) 2 6Mg 
l 2c( 1 6o,a) 2 4M B 

I 2C( 1 60,ap) 2 3Na 

, 4N( 1 60,2n) 2 8Si 
N 

1 4N( I 60,«) 2 6A1 

, 6 O ( , 6 O , P ) 3 I P 

0 1 6O( , 60,pn) 3 0P 
1 60( 1 60,a P) 2 7Al 

Table 1 



Table II 

Sensitivities (ppm) 

Element 

Protons Tritons Alpha particles 3 5 C 1 
Element l-l.5MeV 2.5 MeV 2.5-4 MeV 4 MeV 2 MeV 3 MeV 3.5 MeV 3.3 MeV 4 MeV 5 MeV 5 :feV 55 MeV Element 

(a) (b) (a) (c) in Nb inNb in Kb inNb (c) 
l 

inNb (d) inNb 

Li 1.0 500 3 2 0.16 0.05 30 8 
Be 0.5 
B 15 2 1200 170 
C IZ 7 5 
N 2 40 1 
0 10 1 870 1200 
V 1.5 0.10 55 • 5 5 0.8 170 7 
Na C.87 1.0 30 25 2 320 17 
Mg 50 43 55 5 2000 350 
Al 5-100 35 370 310 
Si 500 93 20 4600 
P 50 1.6 150 
S 5C0 5.2 15 
Cl 5000 9.3 1900 
K 1700 
Se 3.IZ 
T* 300 10 • 2 750 1050 J230C 100 
7 1Z 50 570 { 910 35 
Cr 500 15 I2.6Z 
Htl 5 15 15 70 60 I 030 10 | 
Fe 1000 150 55 3600 4S00 2100 60 ! 
Co 220 
Ni 290 
Cu 1000 260 1.5% 
Zn 2% 350 i 1.1% 
Ga 225 7300 230 
Ge 460 980 1 

1 
85 

As 3 220 770 1 750 20 
Se 1000 300 6B0 2000 .".700 75 
Br 1600 1400 40 
Mo 2300- 8700 6000 260 
S:i 5000 3.1% 40 
Rh 500 830 770 15 
Pd IZ 730 IZ 3600 70 
*e 5000 420 3300 2000 35 
Cd 4400 8100 395 
Sb 1100 
Te 420 
I 

1 1 1 90 



Table I I (cont.) 

Nd 
1 

40 
Sra 20 
Eu 20 
Gd 35 
Tb 40 
Dy 35 
Ho 10 
Er h.\Z 10 
Yb 35 
Hf 370 i.iz 15 
Ta IS 90 540 300 1100 10 
W 220 680 2400 35 
Re 250 1500 1200 35 
Ir 2000 
** 1000 2300 2Z 4300 140 
Au 300 2100 1.62 5000 170 
Hg 4.22 
Ih 2700 



Ey(keV) Origin Half l i f e 

22.7 7 , m G e 21.5 ms 

53.5 7 3 m G e 499 ms 

110.0 l 9 F(n ,n 'Y) 

139.9 7 5 m G e 45.8 s 

197.9 7 , m G e 22 .7Y+ 175 .2Y 21.5 ms 

'Vn.n'Y) 88 ns 

511 annihi lat ion prompt and delayed 

569.4 2 0 7 P b ( n , n , Y ) 

596.1 7 4 Ge(n,n*Y) , 7 3 Ge(n,Y) 

609.0 7 4 Ge(n ,n 'Y) , 7 3 Ge(n ,Y) 

693.4 72Ge(n,n'Y) 420 ns 

834.5 7 2Ge(n,n"Y> 

843.6 2 7 Al(n ,n 'Y) 

2 7 A l ( n , p ) 2 7 M g - 2 7 A 1 9.45 m 

868.3 7 4 Ge(n ,n 'Y) , 7 3 Ge(n ,Y) 

1014.4 2 7 A l ( n , n ' Y ) 

Z 7 A l ( n , p ) 2 7 M g * 2 7 A 1 9.45 m 

1207 H(n,Y)D,double escape 

1779.1 2 7 A l ( n , Y ) 2 8 A l + 2 8 S i 2.24 m 

Table I I I 
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î T J. mMw 

uJ 
I I I 

nuA 

M*f^ 
W l N t h ^ 

* / WdvVt 
• 1 ' • • I I I I I ' 
900 900 900 900 

CHANNEL NUMBER 

Fig . 12. 



7 r N 

content 
ppm 

Fig.13. 



N 

Terracine 

Tr 387ppm 
S=119 

Gi ens 
Tr1159 ppm 
S = 256 

200 400 600 800 

contant 
_ 1 

1000 1200 1400 1600 1800 P p m 

Fig.13. 


