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ABSTRACT 

Resul ts from the measurement of the s t a b i l i t y of charge 

c o l l e c t e d from the t a r g e t and ex i t f o i l , o r as a l t e r n a t i v e s , 

the 7-ray or backsca t t e red proton counts from the e x i t f o i l and 

the Ar X-vay counts from the a i r pa th i n an ex t e rna l pro ton beam 

are p resen ted . These r e s u l t s show t h a t comparative a n a l y s i s of 

m a t e r i a l mounted i n a i r i s r e l i a b l e , using e i t h e r t h e c o l l e c t e d 

charge or the y - ray counts as the normal iz ing f a c t o r , i f t h e r e 

a re no earthed objec ts in c lose geometry. The b a c k s c a t t e r e d 

proton counts can a lso be used , but not the Ar X-ray coun t s , 

unless the current i s s t a b i l i z e d . The e l e c t r i c a l o r thermal 

conduc t iv i ty of the t a rge t and the t a r g e t t o e x i t fo i l s e p a r a t i o n 

do not a f fec t the p r o p o r t i o n a l i t y of the co l l ec t ed charge and 

the y - r a y counts to the charge inc iden t on the t a r g e t . 
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(1) INTRODUCTION. 

The analysis techniques PIXE and Nuclear Reaction Analysis 

have been widely studied, and used, for the elemental analysis of 

various materials, though mainly on samples in vacuum. Materials 

that are of interest for analysis are sometimes difficult to place 

and maintain in vacuum. Target charging and heating, loss of 

target n.atrix constituents, especially water, or even matrix 

deterioration can occur. It is possible to control target 

charging (refs.1-2) and heating, though this may complicate the 

analysis. Loss of matrix constituents or matrix deterioration 

are more difficult to control in vacuum. Examples of such 

materials of interest to us are teeth, and dental plaque, the 

bacteria found on tooth surfaces, and thought to be involved in 

tooth decay. These are both difficult to analyse in vacuun, 

without considerable preparation. 

A solution to this problem is the use of a charged particle 

beam external to the vacuum system, usually in air, which some 

research groups have been developing over the past few years 

(Refs.3-16). Target charging, heating and matrix damage are all 

minimized because of the surrounding gas. The analysis of dental 

plaque is very much simplified by external irradiation. 

There are problems with external analysis. It is difficult 

to do quantitative analysis, as the charged particle energy is 
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unknown, to any precision, after passing through the exit foil 

and external gas, and onto a target. This is because of the 

charged particle energy loss and straggling, and the heating of 

the external gas due to this energy loss, changing this energy 

loss and straggling. The charged particle beam also diverges in 

the foil and gas, making uncertain the charged particle paths 

through the external gas. Finally, it is necessary for 

quantitative or comparitive analysis to know the total charge, or 

number of charged particles, incident on the target during the 

analysis. Detection of charge not incident on the target, or 

loss of charge to neighbouring earthed objects will produce 

inaccuracies in charge collection. 

Here we report our investigations into the technique': for 

the accui ate collection and measurement of charge incident or. a 

sample counted in air rather than vacuum. 

(2) CHARGE COLLECTION IN AN EXTERNAL PROTON BEAM. 

The major part of the work we have completed has been on the 

accuracy of charge collection, or an alternative to charge 

collection as a charge monitor, in an external proton bean. To 

understand this problem, we will first discuss what paths the 

protons can take in an external beam. A diagram of the major 

components of charge movement are shown in Figure 1, where in a 

given time interval T; 
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N protons are incident on the exit foil (vacuum window), 

and of these, 

N are then incident on the target, 

N _ are scattered by less than 90 , but are not incident 

on the target, 

N are backscattered by the exit foil into the beam line, 

N are backscattered by the external gas, and 

N are stopped by the exit foil and external gas before the 

target. 

The protons strip electrons from the exit foil and external gas 

to give; 

F. electrons stripped from the exit foil atoms and 

forward scattered, 

E n D electrons stripped from the exit foil ator.s and 

backscattered into the beam line, and 

E f electrons stripped from the external gas atoms and 

molecules and scattered in any direction. 

The charge left on the exit foil in the external gas by the 

stripped electrons, assuming no recombination, is respectively 

(E F p+E F B)e and E Ge. This gives, 

N T " NI ' N>T " N B " NGB - N S ( 2 ' 1 } 

and assuming no charge leakage, the total charge collected by the 

charge monitor in a time interval T is, 

QTOTAL • ( N T + N X ) e (2.2) 
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where, 

N X = \ + NGB + N>T + <EFF + EFB> " EFF < 2- 3> 

Detection of any of the charge of the stripped electrons 
would create inaccuracy in charge collection, unless, as we do, 
charge is monitored simultaneously on the target and exit foil, 
both of which are electrically insulated. The charge on the 
stripped electrons and the atoms they were stripped from are 
both detected, cancelling the charge. 

Equation (2.2) takes into account loss of negative charge 
in the form of electrons stripped from the exit foil atoms and 
backr,C3ttered into the beam line, F-rRe. It assumes no charge 
leakage, but this could occur and take several channels:-
(1) Electrons stripped from the external gas atoms and 

backscattered through the exit foil into the beam line. 
(2) Protons backscattered from the external gas and target 

through the exit foil into the beam line. 
(3) Scattered electrons and protons escaping the vicinity of the 

external beam to neighbouring earthed objects, such as a 
detector casing. 

(4) External gas ions escaping the vicinity of the external 
beam to neighbouring earthed objects. 

We can represent the leakage of positive charge by N.e, and 
the leakage of negative charge by E.e, which then modifies equation (2.2) to, 
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W L = [NT + N'X- (\- V ] e (2-4) 

If K and [N -E | are << N_, then to a good approximation, 

Q T 0 T A L = N Te . (2-5) 

which is one of the conditions necessary for quantitative analysis. 

If, on the other hand, N Y and/or |N.-E.| are not << N , but are 
A Li L* 1 

proportional to the total charge N , then as N„ is also proportional 

to N , equation (2.4) becomes, 

QlOTAL = N T e ( 1 + V - < 2- 6> 

where a is a constant dependent on the initial proton energy, 

the type of exit foil and external gas, the geometry, and the 

physical conditions, like pressure and temperature. This situation 

enables us to attempt comparitive, but not quantitative analysis. 

As an example of charge leakage, we placed a detector in 

close geometry with the target in the external beam, and 

observed that as the target-detector separation was increased 

the observed current increased. This indicates a loss, or 

leakage, of nett positive charge to the detector casing, which 

is earthed. To test this further we applied an electric field 

in the region of the external beam, with a potential of V.-V 2>0 

on the exit foil, and -V_ on the target with respect to ground. 

The yield of X-rays from the target was monitored as a function 
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of V. and \' . With the Si (Li) again in close geometry, we 

observed that as the potential difference between the exit foil 

and the target, V., was increased, and the potential of the 

target with respect to ground, -V^, was decreased, the yield of 

X-rays from the target decreased, for a constant collected 

charge. This indicates the electric field has the effect of 

confining the charge, and reducing the leakage of nett positive 

charge to the Si(Li) casing, indicating that charge can b ; lost, 

resulting in Q T Q T A L t (N,f + N x)e. 

We can indirectly measure part of this charge movement. 

The yield of y-rays from the exit foil is a function of N , the 

yield of backscattered protons, elastic and inelastic, is also a 

function of N , and of N . If we use air as the external gas, 

the yield of Ar X-rays from the air is a function of (N -N ) . 
1 D 

The yield of X- and y-rnys from the target are functions of N . 

The first three of these have been used as alternatives to charge 

collection as a normalizing factor for analysis (Refs.3-4). 

Doping a target with an element such as Yttrium, as an internal 

monitor of charge, has also been used (Refs.5-6), but not with 

targets where the matrix cannot be destroyed for the analysis. 

We have measured the stability of each of the four monitors, 

charge, backscattered proton yield, y-ray yield from the exit 

foil and X-ray yield from the external gas, for varying conditions, 

to determine if they are stable enough for comparitive analysis. 
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(3) EXPERIMENTAL ARRANGEMENT. 

We use 25 urn M foil as the vacuum window, which is thicker 

than other types of foils we could use, but 3 MeV protons lose 

approximately 600 keV through this A& foil, giving a target 

incident energy of between 2.0 to 2.2 MeV, depending on target-exit 

foil separation. A higher energy produces a larger background, a 

lower energy reduces the X-ray yield, so we compromise by 

selecting 3 MeV. The external gas we use is air, the easiest 

to set up. It also has 1.3% by weight of Argon, whose X-rays can 

be used as an alternative to charge monitoring. Many types of 

exit foil and external gas have been used, Al, Ni, Be and Kapton 

as exit foils, air and He as external gases (Ref.5-16). Because 

of the ease and low cost of obtaining A?, foils and air, and 

since pure M foils emit no contaminant X-rays, we settled on 

these for our external system. 

We measured four possible monitors of the charge incident 

on the target, 2 7A8. y-ray yield and proton backscattered yield from 

the exit foil, Argon X-ray yield, and charge collected from the 

target and exit foil for varying current, at an internal proton 

energy of 3 MeV. A schematic diagram of the geometry is shown 

in Figure 2. The graphite disk was a stopping target, approxiraately 

2.5 cm from the exit foil and at 45 to the beam. The particle 

detector had a thin Ni foil ( < 1 yra) between it and the exit 

foil to filter out a-particles from the 27A£(p,u)2t*Mg reaction. 
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Filters were also needed for the Si(Li) and Ge(Li) to lower the 

count rate to an acceptable level. Dead time corrections 

were still made. Both photon detectors were at least 20 era from 

the graphite disk, and so not in close geometry. The beam spot 

size was kept constant, the current from the 5u Pelletron was 

varied. Measurements were taken between 20 to 180 nA in steps 

of approximately 20 nA. Current fluctuations at each stage were 

of the order of ±10 nA. 

Further measurement of the stability of charge collection 

was of the X-ray yield from standard targets as a function of 

time. The first, standard target was Chromium, a good electrical 

and thermal conductor, which is also resistant to oxidization. 

The second was a poor conductor, Hydroxy-apatite or H.A.P., a 

Ca compound and the major component of tooth enamel. Both 

targets were continually bombarded in the external beam for 

approximately 70 minutes, with spectra being taken every 4 minutes 

for a constant collected charge. We took measurements for both 

targets it varying distances from the exit foil, and hence at 

different beam spot sizes and incident beam energies, by 

monitoring the stability of the X-rays from the target and y-rays 

from the exit foil with time. No measurement of the backscattered 

proton counts was taken since this only depends on the stability 

of the exit foil, as does the y-ray counts. Therefore, if the 

y-ray counts is stable in time, so would the backscattered 

proton counts. For this experiment the Si(Li) and Ge(Li) were 

both at backward angles of approximately 135 , but otherwise the 
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detector arrangement was the same as for the previous measurement. 

Both targets were at 90 to the proton beam. 

(4) RESULTS AND DISCUSSION. 

Examples of the spectra from the Si(Li), Ge(Li) and Particle 

Detectors, for the measurement of the stability of the four 

monitors of charge with varying current are shown in Figures 3a,b 

and c. The Ar X-rays in the Si(Li) spectrum are from the Ar in 

the air, and the other X-rays are from elements in the graphite 

disk. The 844 and 1014 keV y-rays detected by the Ge(Li) are 

from the 27AS.(p,p'Y)27A2. reaction and the 1369 keV y-ray from the 
27AX,(p,aY)2t*Mg reaction in the exit foil. We monitored the 1014 keV 

•y-rays, which gave the better statistics for this measurement. 

From the Particle Detector spectrum, we counted both the elastically 

and ir.elastically backscattered protons, n . 
D 

Because of the overlap between the Ar and Ca X-ray peaks, we 

had to fit Gaussians to the spectra to extract the peak areas. An 

example of a fit is given in Figure 4. The error estimate of 

the areas also comes from the fitting process, and includes 

statistical error as well as a part that estimates how well the 

spectrum has been fitted. 

To the ratios of the measured qualities, charge 0, Ar X-ray, 

Y-ray, backscattered proton and Ca X-ray counts n. , n , n and n_ , 

we have fitted zeroth order, Y=a, and first order, Y=a+bl, 
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polynomials by minimizing the reduced chi-squared, x • These 

functions are given in table 1. Higher order functions can be 

fitted, but not as well to the data. All exct.pt four of the 

ratios are fitted as well or better by the horizontal line, Y=a, 

than the sloped line, Y=a+bl, indicating that these ratios are 

constant for changing current. 

The constancy, within errors, of the Ca X-ray counts to 

charge ratio shows the stability of charge collection, in our 

system, as a measure of the charge incident on the target, for 

varying current. Similarly, the constancy of the y-ray and 

backscattered proton counts to Ca X-ray counts ratios indicate 

that both these qualities, Y-ray and backscattcred counts, art 

also good measures of the charge incident on the target. This 

is supported by the constancy of the y-ray and backscattered 

counts to charge ratior and the backscattered to y-ray counts 

ratio. 

There are four ratios where the first order polynomial is a 

far better fit to the data points than the zeroth order polynomial. 

The first is the Ar X-ray counts to charge ratio, which shows a 

general decrease for increasing current, indicating a loss of 

Ar X-ray yield. This is supported by the Ca X-ray, y-ray and 

backscattered counts to Ar X-ray counts ratios, all of which show 

a general increase for increasing current. The fits to the data 

points for these four ratios are given in Figure 5. Further 

supporting evidence for the loss of Ar X-ray yield as the current 

http://exct.pt
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increases is in the values of [b/a| for the fits to these four 

ratios. This measures the rate of change of the ratio yield per 

change in current, compared to the initial ratio value. Or 

v = — , with units of (current) 1. For these four ratios, Y a o 
|b/a| was found to be constant within errors, with an average 

value of (9.0±2.6)xio ** ( n A ) _ 1 , indicating that only one common 

factor is varying in all four ratios, the Ar X-ray yield. 

We believe this loss in Ar X-ray yield to be due to heating 

of the air by the energy lost by the protons as they pass through 

it. For a constant beam size, as the current increases the 

rate of energy lost by the protons increases, further raising the 

air path temperature. This would then lower the air density, or 

the amount of Ar between the target and exit foil, reducing the 

Ar X-ray yield. 

If we thii'k of air as an ideal gas (a good approximation at 

one atmosphere and at or above room temperature, 294K) and as the 

Ar X-ray yield, Y , is proportional to the density of Ar atoms, 

or the air density, then; 

A Y A r / Y A r = Ap/p = -AT/T (4.1) 

At room temperature, T = 294 K, the Ar X-ray yield, Y. =Y =a, and 

similarly AY. =AY=bI, where I is the beam current in nA, giving; 
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- A T / T Q = (b/a)I . (4.2) 

Using the value we have determined for (b/a), this becomes; 

AT/T = (9.0±2.6)xi0_l* I . (4.3) 

This shows that even for large current fluctuations (±50 nA), 

the temperature variation is small, and hence the fluctuation in 

the Ar X-ray yield is also small, amounting to approximately ±5%. 

Results from the measurement of the Cr X-ray counts from the 

Cr target in the external beam, as a function of tine, are shown 

in Figures 6a and b. In Figure 6a the Cr X-ray counts are 

normalized to the collected charge, and in Figure 6b are 

normalized to the 1014 keV y-ray counts. Both sets of data show 

constancy, within errors, in time, for all target to exit foil 

separations, y, with a zeroth order polynomial being as good or 

better chi-squared fit to each set of data points than a first 

order polynomial. 

The same applies to the results for the Ca X-ray counts from 

the H.A.P. target as a function of time, normalized again to 

charge and the 1014 keV y-ray counts in Figures 7a and b. Charge 

was collected from the H.A.P. target by pressing it into a 

stainless steel cup, giving a good area of contact between the 

H.A.P. and steel. Charge was then monitored from the steel cup. 
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Both these results indicate that, for conducting or non

conducting targets, the proportionality of the charge collected 

and the y-ray counts from the exit foil to t..e charge incident on 

the target is stable for at least a period of 70 minutes and is 

unaffected by changes in the target to exit foil separation. 

To test this further we investigated the proportionality of 

the collected charge to the charge incident on the target for 

varying target to exit foil separation. This could not be done 

directly by monitoring the X-ray yield from the target, since as 

y increases, the incident proton energy decreases and the target 

to detector separation increases, reducing the observed yield of 

X-rays. It could be measured indirectly by monitoring the y-ray 

counts from the exit foil, which is proportional to the charge 

incident on the target and not dependent on the target to exit 

foil separation. 

The results of these measurements for both the H.A.P. and 

Cr targets, for constant collected charge, are given in Figure 8. 

Again, the zeroth order polynomial is as good or better chi-squared 

than a first order polynomial, indicating that the 

•y-rays from the exit foil, and hence the collected charge is 

constant for increasing target to exit foil separation. 



14. 

(6) CONCLUSIONS. 

We conclude from the results, that charge collected from 

the target and exit foil in the external proton beam, the y-ray 

and the backscattered proton counts from the exit foil are all 

proportional to the charge incident on the target, and these 

proportionalities are stable with beam current changes. This is 

true for the collected charge if there are no earthed objects in 

close geometry with the external beam. 

As well, the proportionalities of the colleged charge and 

the y-ray counts to the charge incident on the target are also 

stable in time, for at least a period of 70 minutes continuous 

analysis in the external beam. This applies for electrically, 

and thermally, conducting or non-conducting target materials. 

The Argon X-ray counts from the air path is not proportional 

to the charge incident on the target, because of an observed loss 

in counts as the current increased. This loiis was a small, but 

still observable effect. 

Therefore, comparative analysis of the elemental concentrations 

in sample material mounted in air, using PIXE or Nuclear Reaction 

Analysis is rel ble, using the charge collected from the target 

and exit foil or the y-ray counts from the exit foil as the 

normalizing factor, as long as there are no earthed objects in 
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close geometry. The target to exit foil separation and the 

electrical and thermal conductivity of the target are not 

critical. Similarly, the backscattered proton counts from the 

exit foil could also be used as the normalizing factor, as could 

the Ar X-ray counts from the air path, but the Ar X-ray counts 

is not as accurate a method, and could only be used if the beam 

current was very stable. 
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TABLE 1. 

RATIO Y=a Y=a+bl RATIO 

X 2 a X 2 a b |b/a| 

n C a ^ 1.46 2.94 ± 0.06 x 10 8 1.62 2.87 ± 0.11 x 10 8 0.78 + 1.11 x 10 5 2.7 ± 4.0 x 10"4 

\/Q 0.84 1.84 ± 0.01 x 10 9 0.81 1.84 ± U.01 x 10g 8.65 _ 8.47 x 10 u 4.7 ± 4.6 x 10'5 

nB/Q 0.67 7.29 ± 0.02 x 10 8 0.65 7.25 ± 0.05 x 10 8 4.19 ± 4.78 x 10 4 5.8 ± 6.6 x 10"5 

\ / n C a 1.14 6.21 ± 0.13 1.28 6.34 ± 0.27 -1.42 + 2.54 x 10" 3 2.2 t 4.1 x 10-i* 

nB / nCa 0.96 2.46 ± 0.05 1.08 2.51 ± 0.11 -0.56 ± 1.05 x 10' 3 2.2 ± 4.3 x 10"1* 

n B / n
Y 

0.45 3.95 ± 0.02 x io-1 0.53 3.95 ± 0.04 x 10"! 0.34 ± 3.88 x 10'5 0.9 ± 9.8 x 10"6 

n A r ^ 1.80 2.52 ± 0.05 x 10 8 1.30 2.72 ± 0.10 x 10 8 -2.13 ± 0.97 x 10 5 7.8 ± 3.9 x io"w 

nCa / nAr 0.35 1.16 ± 0.04 0.06 1.05 ±0.09 1.30 ± 0.90 x 10"3 1.2 ± 1.0 x 10" 3 

W 1.62 7.21 ± 0.15 1.18 6.66 + 0.30 6.47 ± 3.14 x 10 - 3 9.7 ± 5.2 x 10"14 

nB / nAr 1.38 2.85 ± 0.06 0.98 2.64 ± 0.13 2.54 ± 1.30 x 10"3 9.6 ± 5.4 x lO'4 
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FIGURE AND TABLE CAPTIONS. 

Figure 1: Schematic diagram of the major charge paths in an 

external beam incident on a stopping target. 

Figure 2: Detector geometry for the measurement of the 

stability of charge collection in an external beam. 

Figure 3: Examples of the spectra from the measurement of the 

stability of charge collection to variation in current. 

a) Si(Li) X-ray spectrum; 

b) Ge(Li) y-ray spectrum; 

c) Backscattered particle spectrum. 

Figure 4: Examples of a fit to the Ar and Ca peaks of a Si(Li) 

X-ray spectrum. 

Table 1: The parameters and reduced chi-squared of the fitted 

zeroth and first order polynomials to the ratios of 

the quantities measured for the stability to 

current fluctuations. 

Figure 5: The fitted zeroth and first order polynomials to the 

four ratios where the first order polynomial is 

the better fit. 

Figure 6: Cr X-ray counts as a function of the time the Cr target 

was continuously in the external beam; 

a) normalized to the collected charge; 

b) normalized to the 1014 keV y-ray counts. 

Figure 7: Ca X-ray counts as a function of the time the H.A.P. 

target was continuously in the external beam; 

a) normalized to the collected charge; 

b) normalized to the 1014 k V y-ray counts. 
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Figure 8: Y-ray counts from the exit foil as a function of 

target to exit foil separation for a H.A.P. and 

Cr target in the external beam. 
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2 7 A l 1014 keV. 7-RAY COUNTS x 10 3 
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