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ABSTRACT 

The slit scattering effect has been measured for medium energy protons 

and alpha particles on aluminum, brass and tantalum slits. A success'ful 

comparison with the theoretical treatment of Courant has enabled us' to 

predict the slit scattering effect for our experimental conditions lending 

credence to the application of the Courant theory to other experimental 

conditions. 

* Work performed under the auspices of the U.S. Atomic Energy Commission. 

tOn leave from the University of Milano,Milan, Italy. 

tt NATO-Fulbright Fellow: permanent address: Institut des Sciences 

Nucleaires, Grenoble, France. 
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1. Introduction 

The continuum background arising from particles scattered by slits in 

front of detectors is of importance in high resolution nuclear spectroscopy 

experiments and may set a lower limit on the observable cross sections. The 

purpose of the present experiment was to measure the scattering arising from 

slits of different materials, profiles and surface finishes. This study was 

prompted by the lack of such mea:surements in the literature, although some 

work in this direction has been reported
l

). Our experimental conditions were 

chosen to allow an easy comparison with the existing theoretical treatme~ts2,3). 

For this reason we are concerned only with slits placed immediately in front 

of a counter, in whicn particles scattered at all angles are detected. No 

attempt has been made to measure the angular distribution of the particles, 

which might be more relevant in other applications, e.g. defining slits in 

beam transport lines. 

2. Experimental Method 

Fig. 1 sketches the experimental conditions. Beams from the Berkeley 

88-inch cyclotron were energy analyzed to 0.02% ;F'WHM and focused at the 

center of the scattering chamber, where a cooled Si(Li) counter, 12 mm in 

diameter, was placed. Various slits, of 2 mm width and 10 mm height, could 

then be positioned successively in front of the detector at a distance of 

about 1 mm from it. For each run the cOunters were carefully selected for 

high resolution (~10 keV, FWHM for 1 MeV electrons). The condition of the 

counter was periodically checked by taking runs without slits. The detector 

was replaced whenever radiation damage effects became apparent (typically 
, 8 

after a total exposure of ~ 10 particles). 
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The beam was focused to a spot 6 .mm wide by 1 mm high, i. e. con­

siderably smaller than the counter dimensions. For our radial emittance of 

10 mm-inrad this implies a beam with radial divergence less than 1 mrad. The 

uniformity of illumination of the slits was checked by sweeping the beam by 

± Imm across a 0.12 Iilm slit and measuring the transmitted intensity. This 

was found to remain constant to within ± 10%. All measurements were taken 

with a beam intensity of 1000-1500 particles per ' second, with 20 MeV protons 

and with alpha particles of 50 and 80 MeV. 

Some of the slit profiles used are shown at the bottom of fig. 1. The 

materials used were brass, aluminum, and tantalum. According to previous 

calculations3 ) brass and tantalum are two of the materials which minimize 

the slit scattering effect. The surfaces were hand-polished so that surface 

scratches were typically less than 1-2 microns in depth. For the purpose of 

comparison straight-edged slits with machine-cut surfaces were also used. 

The surface irregularities in this case were up to 20 microns deep. The 

thickness of all slits was the stopping thickness for the particles plus 

15%, to allow a margin for straggling. 

3. Experimental Results 

Figs. 2 and 3 provide examples of typical experi~ental data. Fig. 2 

presents spectra obtained with 20 MeV protons: without slits at the top of 

the figure and with polished, straight-edged, brass slits at the bottom. The 

energy range covered by these spectra includes about 2 MeV below the main 

peak. The effect of slit scattering is Cluite evident. Fig. 3 presents the 

spectra obtained over the entire range of 20 MeV. Some excited states of 

.. 
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288i , indicated for reference, are partially masked by the background arising 

from the slits. In this spectrum the amount of background due to nuclear 

reactions in the detector is 0.81% of the total counts in the niain peak, 

while the total slit scattering contribution is 2.2%. 

In order to present some of our experimental results we plot, as 

a function of the energy along the spectrum, the peak-to·-valley ratio ,defined 

as the ratio of the counts/channel at the maximum of the main peak to the 

counts/channel in the background. This ratio has to be referred to the 

experimental FWHM of the main peak, because the counts/channel in the main 

peak. are, for a given number of particles transmitted, linearly dependent upon 

its FWHM, while the counts/channel in a smoothly varying background are not. 

While the peak-to-valleyratios thus obtained are certainly not of universal 

use we feel that they help in visualizing the limits to the measurable cross 

sections, i.e. those limits determined by the slit scattering effect in a 

typical counter experiment. The peak-to·-valley ratios presented here are 

obtained from spectra like the ones above by subtracting the contributions due 

to reactions in the detector. 

We summarize these results by considering separately the following 

regions of the spectrum: 1) the region within 200 keV of the main peak; 

2) the region including the first 2 MeV of energy loss; 3) the remaining 

part of the spectrum corresponding to higher energy losses. 

In region (1) we are unable to observe any appreciable slit-scattering . 

A typical example of the behavior in this region is shown in fig. 4. There, 

for 20 MeV protons, we present spectra obtained without slits (open counter) 

and ,.ith polished, straight-edged, brass slits. A gaussian with the same 
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FWHM is also plotted for reference. The fact that the two experimental plots 

coincide proves that the long tail in the spectrum (visible also in fig. 2) 

is not due to slit-scattered particles. These data suggest that the response 

of a Si(Li) counter to a monochromatic beam is not a gaussian. 'Further 

evidence for this non-gaussian response is presented in fig. 5, where spectra 

obtained for different counters, for the particles and energies listed, are 

plotted as a function of the ratio of the energy difference from the' main 

peak to the experimental FWHM. These spectra exhibit a gaussian shape above 

the peak but deviate appreciably from a gaussian on the low energy side. The 

deviation could be due to several effects: 1) elastic collisions in which 

the recoiling silicon nuclei do not lose energy as efficiently as lighter 

particles 4); 2) poor charge collection in the detector, due to trapping; 

3) electronic pile-up, which was shown to be a small effect by observing 

a pulser spectrum above the main peak. 

The peak-to-valley ratios obtained for the first few MeV below the 

main peak (region (2)) are shown in fig. 6, for 50 MeV ~'s (top) and 20 MeV 

protons (bottom). Curves for straight-edged slits of the various materials 

are shown, together with those corresponding to an open-counter (no slit) 

geometry. The results can be summarized as follows: a) In all cases the 

peak-to-valley ratios drop sharply in the proximity of the main peak. This 

merely reflects the response of the counter in region (1). b) Tantalum 

and brass slits show a similar behavior for both alpha particles and protons. 

c) For 50 MeV a's there is a difference of about one order of magnitude 

in the peak-to-valley ratios for polished and unpolished slits. The fact 

that this difference is much less pronounced for 20 MeV protons, can be 

" 

" 
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understood in terms of their greater penetrating power. It will be shown 

later (sect. 4) that the requirement on surface poiishing can be stated in more 

quantitative terms. d) In region (2) the behavior of the peak-to-valley 

ratios as a function of energy is flat, within the statistical errors. 

In fig. 7 the peak-to-valley ratios plotted refer to brass slits of 

different profiles. The curve corresponding to an open counter is shown for 

reference. Straight-edged and large radius-o~-curvature slits behave 

similarly in this energy region. Tapered slits or slits with a small 

radius-of-curvature give a peak-to-valley ratio which is lower by a factor 

2-3, approximately 1 MeV below the main peak. 

The results for region (3) (energy losses greater than 2 MeV) are 

presented in fig. 8, for 20 MeV protons. The upper figure shows the behavior 

of straight-edged slits of different materials; the lower figure shows the 

results for different profiles of brass slits. The curve obtained with an 

open counter exhibits many valleys, which are due to nuclear reactions in 

the detector. In the neighborhood of these valleys the slit scattering with 

polished slits is of the same order of magnitude. For all slits the peak-to­

valley ratio reaches a minimum at about 8-10 MeV (an energy loss close to 

50%) where it is approximately a factor of two lower than at the high and 

low energy extremes of the spectrum.· It is understandable that the large and 

small radius slits give worse results in the region of high energy loss since 

a part of their profile is transparent to the incident particles. However the 

shape of the distribution is very similar for the different profiles. 

Some conclusions that are of general value can be drawn from the above 

results. These include: the importance of good surface polishing; the near 
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equivalence of brass and tantalum as slit material; the similar behavior of 

straight-edged slits and large-radius slits for low (~ 10% maximum) energy 

losses, and the superiority of the straight-edged slits in the remaining 

part of the spectrum. It is, however, difficult to predict the peak-to-valley 

ratios for other energies and particles. In addition these results are only 

valid for a nearly parallel beam, as employed in the present experiment. 

This is not the situation in atypical scattering experiment. 

4. Comparison with Theory 

It is instructive to compare some of our experimental data with a 

2 theory devel()ped by Courant ) in 1951, which evaluates the slit scattering 

effect in a closed and simple form. We recall the expressions derived by 

Courant for a parallel beam, in ?rder to compare the results directly with 

our measurements. The hypothes'es underlying the calculations are: 1) a con-

tinuous energy loss in a slit and 2) a constant scattering cross section. 

Then for the case of: a) a parallel beam; b) straight-edged slits; and 

c) slits with a thickness equal to the stopping thickness, the following 

formula gives the effective slit width increase, 1, for particles scattered 

to all angles with an energy loss between 0 and ~. 

x 3/2 

W 

Where x is the range in the slit material corresponding to an energy 
.' 

loss equal to ~E and W is defined by: 

• 

• 

• 
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A (2) 
2 Z 7TNp 

In the usual notation A, Z and p refer to the slit material, while 

arid ze refer to the incident particle energy and charge . 

E. lnc 

The term W, is physically related to the mean square of the angle of 

multiple scattering, ( 0 >!v' in the slit material by: 

= 
4 . x 

2 
W 

The Courant theory treats 8 2 as a constant term with respect to the 

particle energy while in reality it has a 1/E2 dependence as the particle 

loses energy in the slit material. Refinements of the original Courant theory 

have been reported3 ). Their aim w~s to correct for the energy dependence of 

8 2 vrhich, when neglected, underestimates d for large energy losses. The 

numerical calculations involved are, however, complicated and one misses 

the simple form of expression (1). Since the calculated corrections to the 

values of £. amount to approximately 25% in most cases
2), we feel that the 

addi tional accuracy is probably not that important. What is needed is a 

simple treatment which ca_n be easily extended to a variety of experiments. 

For this reason only the Courant theory is compared with our data. 

The comparison is presented in fig. 9, for brass, tantalum and aluminum 

straight-edged slits. For 20 MeV protons and 50 MeV alphas the percentage 

of particles scattered with energy losses between 0 and tJ.E/E. lnc 
is 

plotted as a function of tJ.E/E. • lnc The size of the points is a measure of the 
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statistical errors. All points are calculated directly from the spectra, 

after subtracting the reaction contribution. The theoretical curves have been 

computed as the ratio of ~, (formula (I)), to the slit width of 2 mm. The 

comparison, one should remember, is bet~een absolute values, experimental 

and theoretical, with no normalization factors. The agreement is very good 

up to energy losses of about 50%. The theoretical curves are lower than the 

experimental values at higher eriergy losses: however, the difference is 

never more than 20%. 

The importance, for this kind of comparison, of an almost perfect 

straight-edged profile can be seen in fig. 10. Here, for 20 MeV protons 

and 50 MeV a's incident On brass slits, we plot the percentage of particles 

scattered for the curved profiles, (Le., the large-radius and small-radius 

slits described previously). 

The theoretical energy spectrum of the slit-scattered particles, 

which is related to the experimental peak-to-valley ratios previously 

reported, is given by the differential, with respect to energy, of (1). 

Since the theoretical curve given by (1) has a zero derivative for an energy 

loss 6E = 0, the slit-scattering effect vanishes at the m:ain peak and 

increases rapidly in the first few MeV reading a maximum of about 50% energy 

loss. This result is, however, only strictly valid for the present case of a 

parallel beam. 

Finally, it is clear that one can use the values of 1, calculated 

from (1), to get some insight into the problem of surface finishing. Depend­

ing upon the energy region of the spectrum in which one is interested, the 

degree of polishing should be such that the corresponding d/2 value be 

• 

.' 

• 
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larger than, or at least of the same order of m~gnitude as the surface 

irregularities. As an example, the values of d involved for the present 

set of experimental data are shown, in fig. 11. The degree of polishing must 

be very high if the region of interest includes the first 10% - 20% of the 

energy range. 

5. Concluding Remarks 

We believe that the present experiment has shown, in a sufficient 

variety of cases, that the Courant theory can be used with some confidence to 

predict the amount of the slit-scattering effect for a parallel beam. The 

theory also provides a mathematical technique to treat the non-parallel beam 

case. This extension seems justified since no other physically restrictive 

assUmptions are needed and only the mathematical treatment. becomes more 

involved. 

Since it is the case of a non-parallel beam which is of direct 

interest in an actual scattering experiment, computations have been carried 

out in order to evaluate the relevant slit scattering effects. Preliminary 

calculations indicate that for a non-parallel beam, with a divergence of 

± 0.4°, the peak-to-valley ratios~ in the region a few MeV below the main 

peak, can be as much as a factor of 3 to 4 lower than the values found 

in the present experiment. 

These results and their implications with respect to slit design for 

non-parallel beams will be the subj ect of a forthcoming paper . 
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Figure Captions 

Fig. 1 .. Schematic experimental conditions. At the bottom the slit 

profiles used are sketched. From the left: straight edge, large radius­

of-curvature, small radius-of-curvature, tapered on both sides by 10.°, 

tapered on one side by 1°. 

Fig. 2. Spectra obtained with 20. MeV protons for the first 2 MeV below the 

main peak: without slits at the top, with polished brass slits at the 

bottom'. 

Fig. 3. Spectra obtained with 20. MeV protons over the entire 20. MeV range: 

withbut slits at the top, with polished brass slits at the bottom. 

Fig. 4. Spectrum of the main peak, for 20. MeV protons, with a FWHM of 

.14.7 keV. Measured with an open counter and with a polished, straight­

edged, brass slit. 

Fig. 5. Spectra of the main peak measured with the particles and energies 

listed, plotted as function of the ratio of the energy to the experimental 

FWHM. 

Fig. 6.Peak-to-valley ratios referred to the quoted FWHM, obtained with 

50. MeV a's (top) and 20. MeV protons (bottom), for the various slits listed. 

Fig. 7. Peak-to-valley ratios measured with 20. MeV protons, referred to a 

FWHM of 20. keV, for the various brass slit profiles listed. 

Fig. 8. Peak-to-valley ratios for 20. MeV protons, referred to a FWHM of 

20. keV, over the entire range of 20. MeV. Results for different materials 

are plotted at the top, and for different profiles of brass slits at the 

bottom. 

,," 

• 
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Fig. 9. Comparison of the experimental data for straight-edged slits of 

, tantalum, aluminum and brass ( for 20 MeV protons and 50 MeV a's) 

with the predictions of the Courant theory. 

Fig. 10. Experimental data from brass slits of the different profiles 

listed,for20 MeV protons and 50 MeV a's, together with the predictions 

of the Courant theory for straight-edged slits. 

Fig. 11. Effective increase in the slit width, d, calculated according to 

the Courant theory (formula 1), for the slit materials, particles and 

energies listed. 

o 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa­
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in­
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro­
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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