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ABSTRACT
The slit scattering effect has béén measuréd for medium energy prdtons
and alpha particles on aluminum, brass and tantalum slits. A successful
compérison with the theorétical treatment of Courént'has enabled us to
predict the slit scattering effect for our experiﬁental conditioné lending
credence.to the application of the Courant theory to other'experimenéal

conditions.
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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 measurements in the literature, although some.
work in this direction has been reportedl). Our experimental conditions were
chosen to allow an easy_comparison with the existing theoretical treatment52’3).

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

of a counter, in which 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. Exberimental Method

Fig. 1 sketches fhe experimental conditions. Beams from the Berkeley
88-inch cyclotren were energy:analyzed to 0.02% FWHM and focused at the
center‘of the scattering chamber, where a cooled Si(Li) counter, 12 mm in
diemeter, was placed; Various slits, of 2 mm width and 10 mm height, could
then be positioned successively in frent.of the detector at a distance of
sbout 1 mm from it.  For each run the counters were carefuilyvselected for
high resolution (<:10 keV, FWHM fOr'.l MeV electrons). The condition of the
counter was periodicaliy checked by taking runs without slits. The deteetor
was replaced whenever radiat&on damage effects became apparent (tipiceily

after a total exposure of = 108 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‘thé couhter diménsions. For our radial emittance‘of
10 mm-mrad this implies a béam with_fadiql divérgence less than 1 mrad. The
uniformity of illumination of the slits was chéékéd by sweeping the beam by
* 1 mm across a 0.12 mm s1it and measuring thé transmittéd intensity} This -

‘was found to rémain constant to within * 10%. All measurements were taken
"with a beam intensity of 1000-15C0 particles per‘sécond, with 26 MeV protons
and with alpha particles of 50 and 80 MeV..

Some of the slit profiiés used are shown at the bottom of fig. 1. The
materials used wefe brass, aluminum, and>tantalum. According‘to previous
calculations3) brass and tantalum are two of the materiéls which minimize
the slit'scattering effect. The surfaces. were hénd—polished o) thét surface
scratches were typically less than 1-2 microns invdepth. For‘thekpurpose of
comparisén straight-edged slits with machine4cut_surfacesvwere also used.
The surface irregularitieé in thié case were up to 20 microns deep. The
thiékness of all slits was the stopping thickness for the particles plus

15%, to allow a margin for straggling.

‘3. Experimental Results

Figsf>2 and 3 provide examples of typical experiﬁental data. Fig. 2
presents spectra obtained with 20 MeV protons: without slits at thé top of
thé fiéure and with polished, straight—edged, brasé slits at the bottom. The
energy range covered by thesé spectra inéludes about 2‘MeV belov'the main
peak,»‘The effect of slit séattéfing is quité évidént. Fig. 3 preSents thé

spectra obtained over the entire range of 20 MeV. Some excited states of
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2881, indicated for reference, are partially masked by the background arising
from the siits. In this spectrum the amount of background due to nuclear
reactions in the detector is'0.8l% of thé total counts in the main peak,
while the fotal slit scattering contribution is 2.2%.

In order to present somé of our’é#périmental results we plot, as
a function of thé enérgy along the SPectrum, the péak—to_valley ratio, defined
as theé ratio of the counts/channel at thé maximum of thé main peak to the
counts/channel in the background. This ratio has to be referred to the
experimental FWHM of the main péak, bécause the counts/channel in the main
peak are, for a given numbér of particles transmitteé, linearly dependent upén‘
its FWHM, while the counts/channel in é smoofhly"varying background aie3not.
While the peak—to-valley'ratios thus obtaiﬁed are certainly not of universal
use we feel that they help in visualizing the limits tq the measurable cross
sections, i.e. those limits determined by the slit scattering effect in a
typical c5unter'experiment4 The_peak—to_valiey ratios presented here are -
obtained from épectra like the ones'abdve by subtracting the contributions due
to reactions in the detector. |

We summarize these fesults by considering separately the following
regions of the épectrum; 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 épectrum corresponding to higher ehergy losses.

In region (1) we are unable to.observe any appreciable slit~Scattéring.
A typical exam?le.of the behavior in.fhis region is shown in fig. 4. There,
for 20 MeV protons, we presént spéctra obtgined without slits.(open}counter)

and with polished, straight-edged, brass slits. A gaﬁssiaﬁ with the same
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FWHM is also plottéd for référénce. .Thé'fact that thé two éxpefimeﬁtal plots
~coincide proves that the loﬁg tail in the spectrum (ﬁisible also in fig. 2)
vis not due to slit-scattered particles. Thesé data suggest that the response
of a Si(Li) counter to a monochromatic béam.is not a gaussian. Further
evidéncé for this non-gaussian respoﬁsé is présented in fig. 5, wheré spectra
ob£ained for different counters,'for.thé particlés and énergies listed, are
plotted as a functioﬁ of thé ratio of the energy différénce from fhe'main
peak to the experimental FWHM. These spéctra exhibit a géussian shape above
the peak but deviate appreciably from é‘gaﬁssiaﬁ on the low energy side. The
deviafion could be due to sevéral effécts: 1) élastic collisioﬁs in which
the reéoiling silicon nucleivdo not lose eneréy as efficiéntly'as lightef
particlesh); 2) poor charge collection in the detector, due to-trapping;

3) electronié pile~up, which was shown to be a small effect by obsérving

a pulser spectrum above the main peak.

The peak-to-valley rat;os oﬁfainéd fbr the first few MeV below the
maiﬁ peak (regioﬁ'(E)) are shown in fig. 6, for 50 MeV a's (top) and 20 MeV
protons (bottom). Curves for straight-edged slits of the various materials
afe 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 ratipé drop sharply in the proximity of the main peak. This
merely reflects the fespohse of the counter in reéion (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 diffe;encé ofnabout one order of magnitude
in the peak~to-valley ratioé-for polished and unpoliéhed slits. The fact

that thisrdifference is much less pronounced for 20 MeV protons, can be
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understood in terms of their greater penetrating poﬁer. It will be éhown
later (sect. 4) that the réquirement on surface polishing can be stated in more
quantitative terms. d) In region (2) the behavior. of thé peak-to-valley

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

In fig. 7 the péak—to—valley ratios plotféd réfer to brass slits of
different profiles. The curve corresponding to an opén counter is shown for
reference. Straight—edgéd and large radius—of~curvaturé slits behéve
similarly in this energy region. Taperéd slits or slits with a small
radius—of_éurvature givé a peak—to;valley ratio which is lower by a factor
2-3, approximafely 1 MeV belOW'thé.main péak.

Theyreéults for region (3) (enérgy 1ossés greater than 2 MeV) are
presented in fig. 8, for.20 MeV profons.- The uppér figure shows the behavior
of straight-edéed.slits of different materials; the lower‘figure showé’the
results for different profiles.of brass slits; The curve obtained with an
open counter exhibits many valleys, which are due to nucleér réactions in
the detector.' In the heighborhood of these valleys the slit scattering with
polished slits is of the same order of magnitude. For all slits the ﬁeak—to-
valley ratio reaches a minimum at about 8-10 MeV (an energy loss close to
50%) where it is épproximately a factor of two lower than at the high and
low energy extrémes’of the speqﬁrum.' It is understandable that the 1érge and
small radius slits give worse results in the région of high energy loss since
a part of their profile is transparent to the incident particles. However the
shapé of the distribution is véry similar for the différent.prbfiles.

Some conglusions that are of general value can bé drawn from the above

results. These include: the importance of good surface polishing; the near
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equivalence of brass and tantaium as slit material; the similar behavior of
straight-edged slits'and large-radius slits for low (& 10% maximum) energy
losses; and the sﬁperiority of the straight—édgéd slits in the remaining
part of the spéctrum; It is,zhowévér, difficult to predict the peak-to-valley
ratios for other enérgiés and particlés. In addition thesé results are only
vélid for a nearly parallél béam, as:employéd in fhe present expériment.

‘This is not the situation in a typical scattering experiment.

4. Comparison with Theory

It is instructive to compare some of our expefimental data with a
theory developed by Courantg) in l95l, which.évaluates the slit scattering
effect in a clésed and simple form. Wé recall the expressions derived by
Courant for a paréilel beam, in order to compare the‘results directly with
our measurements. The hypotheses underlying the calculations are: 1) a con-
tinuous enérgy loss in a siit,and 2) a constént scattering'cross section.
Theﬁ for the case of: a) a parallel beam; b) straight—edgéd slits; aﬁd‘

c) slits with a thickness equal to the stopping thickness, the fo}lowing
'forﬁula giveé the effective slit Width inérease, d, for particles scattered

to all angles with an energy loss between O and AE.

3/2

_ 2 . x a | '
e T - .

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

loss equal to AE and W is defined by: .
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2

B, -1
W = 2A : ( mc) : [1n(181’ : z"-‘l/3)] : (2)
| Z°mip (ze)°s '.«, .

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

and ze refer to the incident particle energy and charge.
The term W, is physically related to the mean square of the angle of

multiple scattering, ( © ')iv’ in the slit material by:
L . x

W2

(92 =
av

The Courant theory treats S, 2 as a constant térm with respect fo the
particle energy whiie in reality it has a l/E2 dependence as the particle
loses energy in the slit material. Refinements of the original Courant theory
haVe_been‘reportedéa.v Their aim was to correct for the energy depeﬁdénce of

S 2: vhich, when neglected, underéstimates d for large energy losses. Tﬁe
numerical calculations invol?ed are, hoﬁever, complicated and one misses

the simple forﬁ of expression (l). Since the calculated corrections to ﬁhe
values of 4 amount to approximétely 25Z in most casesg), we feel that the
addiﬁional accuracy is probably not that important. What is needed is a
simple treatment which can be easily extended to a variety of experiments.
For.this reason only the Courant theory‘is compared Wifh our data.

The comparison is presented in fig. 9, for brass, tantalum and aluminum
straight—edged_slits. For 20 MeV pfdtons‘and 50 MeV.alphas thé pércentage
ne

of particles scattered with energy losses between O and AE/Ei is

plotted as a function of AE/Einc.' The size of the points is a measure of the
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_stafistical errors. All points are calculatéd directly‘from the spectra,
after subtracting thé reaction contribution. Thé théorétical curves:havé been
computed as the ratio of 4, (formula (1)), to the s1it width of 2 mm. The
comparison, one should rémember, is betwéen absoluté values, expérimental
and theoretical, with no normalization factors. Thé agreémént is very good
up to energy lossés of about 50%. Thé théorétical curvés are lower than the
experimental values at higher energy losses: howévér, thé differencé is
neVef 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 MéV'protons
énd SQ MeV a's incident on brass élits,‘we plot the pefcentage of particles
scéttefed for the curved profiles, (i.e., the large-radius and smali~radius
slits described pré&iously). |

The theoretical energy‘spéctrum of the slit-scattered particles,
which is related to the experimental peak-~to-valley ratios previously
reported,'is.given by the'différential, With respect to energy, of (1).
Since the theoretical curve given bj (1) has a zero derivativé for an energy
loss AE = 0, the slit-scattering effect vanishes at the main peak and
increases rapidly in the first few MeV reading a maximum of about 50% energ&
loss. This result_is, howevér, only strictly valid for the present case of a
parallel beam. |

Finally, it is clear that one can use the values of 4, calculatéd
from (1), to get some insight into thé problem of surface finishing. Depend-
ing upon fhe energy région of the spectrum in which oné is interesfed, the

degree of polishing should be such that the corresponding 4/2 value be
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larger than, or at least of the same order of mggnitude gs the surface
irregularities. As an example, the valués of d involved for the present
set of experimentai data are shown, in fig. 11. The degree of polishing must
be very high if the region of interest includes the firs£ 10% - 20% of the

energy range.

5. Concluding Remarks

We believe that the present expériment has shown, in a sufficient
variety of cases, that thé Courant theory can be used with some confidence to
predict the amount of thé slit-scattering efféct for a parallel beam. The
theory also provides a mathematicai technique to treat the non-parallel beam
case. This extension seems justified since no other physically restrictive
assUmptiéns are needed andlonly the mathematical treatment becomes more
involved.

Since it is the case of a non-parallel beam which is of diréct
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 L4 lower than the values found

~in the present experiment. |

These results‘énd their implications with respect ﬁo slit'design‘fér

non-parallel beams will be the subject 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 radiué—of—cﬁrvature, tapered on both sides by 10°,
tapered on one side by 1°. |

Fig. 2. Spectra obtalned with 20 MeV protons for the flrst 2 MeV below the
main peak: without slits at the top, with polished brass slits at the
bottom.

Fig. 3. Spebtra obtained with 20 MeV protons oﬁer the entire 20 MeV range:
without 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 aﬁ open counter and with a poliShed; éﬁréight-
edged, brass slit. |

Fig. 5. Spectra of the mainrpeak meagsured with tﬁe particles énd energies
listed, plotted as function of the ratio of the energy tbvthe experimental
FWHM. |

Fig. 6. Peak-to-valley ratios réferred to the Quqted FWHM, obtained with
50 MeV a3s (top) and 20 MeV protons (bottom), for the various élits listed.

Fig. 7. Peak-to-valley ratios measuréd with 20 MeV protons, referred to a
FWHM of 20 keV, for the various brass slit profiles listed.

 Fig. 8. Peak—toévalley ratios for 20 MeV protons; referred to a FWHMvof

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

rare plottaa 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 sfraight—edged slits .of
'taﬁtélum, aluminum and brass (for 20 MeV protons and 50 MeV_a's)
with the predictions of the Courant theory.
¢ Fig._lo. AExperimental data from brass slits of the different profiles

"listed,for 20 MeV protons and 50 MgV o's, together with the predictions
of the Courant theory for straight-edged slits. | |

‘Fig. 11. Effective inc:ease in the slit width, 4, Calcuiated according to
the Courant theéry (formula 1), for the slit materia1s, particles and

enérgies listed.
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Slit scattering with énergy' loss between O and AE/E; . (%)
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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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