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ABSTRACT 

The measurements extend from about 11° to 150° for each elemenL In a 

plot of R = (J (observed) I (J (Rutherford) vs 0 e the characteristic maxima and 

minima are present, R reaches 50 at 33° in Be, 35 at 80° inC, 8. 5 at 60° 

in Al. Between 120° and 150° the mean differential cross sections are 0·. 5 

± 0. 1, 0. 95 ± 0. 15, and 0. 85 ± L 15 millibarns for Be, C, and Al respectively. 

>!< On leave from .the University of California, Department of Physics, Los 

Angeles, California 
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INTRODUCTION 

The motivation for the measurement of the angular distribution of elastic 

scattering of medium energy protons and neutrons has been clearly presented 

by Cohen and Neid;igh. 
1 

They have also listed the results obtained ~rior to 

their experiments, with the exception of a few observations of Britten
2 

and 

Levinthal, Martinelli, and Silverman 
3 

at 31. 5 Mev. This is a report on 

some results obtained with 30.6 Mev protons scattered from Be, C, and Al. 

EXPERIMENTAL METHOD 

. 4 
The beam from the Berkeley linear accelerator was bent through an 

angle of 20° by a steering magnet, passed through a 24 inch diameter scat­

tering chamber,· and then into a Faraday cup in another chamber. The beam 

was collimated by 1/8 inch diameter apertures five feet apart. Its 

cross section at the point at which it struck the scattering foils at the 

center of the chamber was about 3/16 inch. ·A gross collimator prevented 

slit-scattered protons from striking the foil holder" 

The energy of the beam was determined by taki_ng an integral range 

in Al curve in the following manner. Integration of the total beam passing 

through the chamber was accomplished by counting the elastically scat­

tered protons from a gold foil. For a certain total charge through the 

chamber, the amount collected in the Faraday cup F, Fig. l, was deter­

mined as a function of the thickness of stopping material on the remotely 

operated wheel W. Most of the energy loss took place in the plate P 
-2 (thickness 1025 mg em ). Since this plate was within one inch of the 

Faraday cup, loss of particles due to multiple scattering was practi­

cally eliminated" Plate P was operated at+ 200 volts, since auxiliary 
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experiments show that a plateau exists in the. charg~ ,Gollec;ted. vs. bias 

curve between + 100 and + 350 volts. 

If we look upon the difference between the curves of Smith 5 and the 

results of; Hubbard and MacKenzie 
6 

as an uncertainty in the range of 

energy relation, and take into account several possible sources of error 

in the measurement, we obtain a result of 30.6 ± 0. 4 Me'v for the energy 

linear accelerator beam for the conditions present during this experiment. 

The observed straggling indicates that the total spread of energy at the 

half-maximum intensity is less than 0. 3 Mev . 

. Figure 1 is a line diagram of the scattering chamber and the inte­

grating chamber. The detector ,for the elastically scattered protons 

was a stilbene crystal mounted on a type 5819 photomultiplier tube. The 

azimuthal position of both target and detector was remotely controlled. 

For each element for angles of scattering less th~n 30°, <1> was set at 90°, 

and the scattering was observed on both sides of the be~m. For larger 

angles, <1> was set at 45 °, and the observations were made on only one 

side of the beam. Background runs with the target foil removed, which 

were made at the smallest and largest angle of scattering, gave negli­

gible counting .rates in the vicinity of the elasti.c peak. 

The aperture defining the sc;:attering angle was 0. 250 inches india­

meter and was at a distance of 8. 28 inches. from the center of the area 

at which the beam struc~ the target. A tube with 5/8 in:ch inside; dia­

meter and 3-1/2 inches long, pla<1:ed adjacent to the defining aperture, 
' ' 

was used to prevent particles scattered from the gross collimator from 

entering the de,fining aperture. 

As a result of the finite size ~f the beam spot on the target, and the 

size of the defining aperture, a 3° range o.f scattering angles was accep-, . 

ted for small angles of scattering,_ and a maximum ?f angular range of 

3. 6° was accepted for scattering angles greater than 30°. 

A 12 mm cube of stilbene was ceme~ted on_to the, type 5819 photomul­

tiplier with a cerpent polystyrene dissolved in xylene. A hemispher­

ical dome, chromium pl<;tted and pblished, wa~ placed over the crystal. 
. ' .• 

A record on the film was made ,of the deflecti()!l; o:p. an oscilloscope due to 

the pulses caused by 30.6 Mev protons elCl.stically scattered at a small 
. . 

angle by a thin gold foil.. The histogram of the resulting pulse height dis-

tribution had a full width at half-maximum intensity of 4. 5 percent. 

The data for the scattering from Be, C, and Al were taken electroni-
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cally. Eight scales were set at differing discriminator levels to form a 

seven channel pulse height analyzer with two volt windows for pulses in . 

the neighborhood of 70 volts. A typical histogram for small angle elastic 

scattering is shown to the left in Fig. 2 .. The resolution as judged from 

these histograms was 6- 7o/o. For each observation, a pulse height anal y­

sis of this kind was made, and the inelastic events were thus separated 

from the elastic events (subject to the limitations of resolution mentioned 

above).:. For example, those inelastic events due to the level in Be 9 at 

2. 4 Mev were resolved to the extent shown in the right hand histogram in 

Fig. 2. 

The Be target was a three mil sheet whose surface density was ll. 0 
-2 f 0 . mg em The C target or angles greater than 30 was a polyethylene 

foil of surface density of 9. 39 mg em - 2 . Protons scattered from H would 

be cleanly resolved. At 30° a comparison was made of the counting rates 

from the polyethylene foil and a piece of graphite which was ground to a 

thickness of approximately five mils. The graphite was then used for 

measurements at smaller angles. The graphite was too non-uniform to 

allow its direct use for an absolute cross section determination. The Al 
. -2 

target was a foil of thickness 3. 50 mg em 

RESULTS AND DISCUSSION 

The absolute differential cross section for the elastic scattering of 

30. 6 Mev (lab) protons from Be, C, and Al are given in Table l. In Figs. 

4, 5, and 6 the data are plotted as the ratio of the observed to Rutherford 

cross sections vs. the center of mass angle of scattering. 

Of the various sources of uncertainty in the above results .i.e. the 

collected charge, the foil surface density, the foil composition, the geo­

metry, the ba.ckground counting rate, the statistics o.f counting, and the 

determination of the proper separation between the elastic and inelastic 

events; the last two mentioned are by far the most important. From the 

histograms, such as those of Fig. 2, an estimate of the uncertainty in 

the separation of elastic from inelastic events was made. This estimate, 

combined with the total number of counts in the elastic peak, forms the 

basis for the uncertainties indicated for a nu~ber of points on each of 

the curve:s in Figs. 3, 4, and 5. The combined estimated uncertainty 

(probable error) ranges from 8o/o at small angles to 18o/o at some of the 

• 
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largest angles of scattering. 

For Be, the present results are in agreement with some results of 

J. Be.nveniste 
7 

at angles (c. m.) of 33°, 96°, and 140°. These points are 

shown in Fig~ 3.. The results of Britten
2 

are uniformly lower than the 

present results for each element, but the two sets of data are within reach 

of one another on a probable error basis. Benveniste 
7 4a.§ r~:;3ults which 

indicate for Be, (]' (elastic scattering)/(]' (deuteron) is 57 at 16'. 7 (c. m.) 

and is 90 at 33°, so the contribution of deuterons in the low angle peak is 

negligible. At larger angles the deuterons are resolved from the elastic 

proton peak. 

For Al the present results agree with a point due to Levintliaa~. Mar­

tinelli, and Silverman 3 at 98°. Since there is an unr~e:solved inelastic level 

in the case of Al 7 , for this element the quoted elastic eros s sections and the 

plotted:..T:atios to Rutherford scattering must be regarded as upper limits to 

the actual values. 

It is ai1'leasure to thahk Professor Ernest Lawrence for making the 

facilities of the Radiation Laboratory available for these experiments. 

My thakks q.re also due Mr. Vern Ogren for his generous aid with elec­

tronic problems, and to Mr. Wendell Olsen and the Linear Accelerator 

crew frir their assistance with equipment set-ups and the bombardments . 
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TABLE 1 

Be c. A1 

elab e' {dO") 
e1ab e' (dO") 

eiab 
e1 {~:) c.m. an c.m. dQ c.mo 

dego deg. bc.m. m 0 dego deg. bc.m. m o ; · deg. dego rnboc. m .. 

10. 0 11. 1 746 10o0 10.8 1030 10.0 10.4 3570 
15.0 16. 7 644 12. 5 13. 5 ~56 15. .. 0 15. 5 1650 
20.0 22.2 507 1500 16.2 - 736 20.0 20.7 900 
25.0 27.7 353 L7. 5 18.9 708 25.0 25.9 400 
30.0 33i~2 197 20.0 21.6 588 30.0 31. 1 140 
35.0 380 7 100 22. 5 24.3 488 35.0 36:2 43 
40.0 44. 1 52 25.0 27.0 403 40.0 41.4 31 
45.0 49.5 24 27.5 29.7 311 45. p 46.5 42 
50.0 54.9 12.8 30.0 32.4 244 50.0 51.6 50 
5500 60.2 7.4 32o5 35. 1 172 551.0 56.7 41 
60.0 65. 5 6.6 35.0 3707 136 60.0 61.8 31 
65.0 70.8 700 37. 5 40.4 99 65.0 6&.9 19.'. 
70.0 76.0 6. 1 40:.0' 430 1 71 70.0 72.o 11 
75.0 81. 2 5.8 42.5 45.7 75.0 77 0 1 6.6 
8000 86.3 4o8 45.0 48.4 33 80.0 820 1 4.9 
85.0 91.4 3. 7 47.5 51. 0 23 85.0 87 0 1 5. 1 
90.0 96.4 z. 9 1 50.0 53. 7 18 90.0- 92. 1~ - 5. 0 

~100,. 0 106. 3 1. 4 I 52.5 56. 3 16 95.0 97. 1 4.7 
110.0 116.0 0. 881 55.0 58.9 14 100. 0 102. 1 3.6 
120. 0 i25. 9 0.5~ 60.0 64. 1 16 105.0 l07. 1 2.4 
130.0 134 .. 9 0.46 65.0 69.3 15 ' 110. 0 112.0 2. 1 

70.0 74.5 13 115.0 116.9 1.4 
75.0 79.6 13 120. 0 121. 8 1. 1 
80.0 84.7 :. ])0 125. 0 126. 7 0.87 
85.0 89.8 7.8 130.0 131.6 0.66 
90.0 94.8 5. 3 135.0 136.5 0.75 
95.0 99.8 3. 8 140.0 141.4 0.86 

100. 0 104. 7 2. 7 14~. 0 146.2 0.78 
105. 0 109. 6 1.9 150.0 151. 1 0.86 
110. ·o 114. 5 1.6 
115.0 119. 3 1.3 
120. 0 T22l.l 0.94 
125. 0 128. 9 0.91 
130.0 133. 7 0.89 
135.0 138.4 0.80 
140.0 143. 1 . 0.98 
145. 0 147. 7 1. 1 
150.0 152.4 0.94 

l 
155~ 0 157.0 0.87 
1go. o Ig(;· 6 0.83 
1 5.0 1 . 0 2 Oo 55, 
170. 0 170.8 0. 46 i 

~--· -------·--··--·--··-- ,, ., ,. '.,. ·····~· ..... ~---- ---·---
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GROSS DEFINING 
APERTURE 

MU-6923 

UCRL-242.?. 

Fig. 1. A line diagram of the scattering chamber and the Faraday 
chamber, showing the foil wheel W, the plate P in which 
most of the beam energy is absorbed in a range measure­
ment, the gross defining aperture, and the target azimuth 
angle <j>. 



-9-

Be 

e=55° 

70 80 60 70 80 
PULSE HEIGHT VOLTS 

MU-6922 

UCRL-2422 

Fig. 2. Histograms constituting a pulse height analysis of the scat­
tered protons. On the left is the case of the scattering from 
Be at a lab angle of 20°, and on the right at 55°. The in­
elastic level at 2. 4 Mev causes the second peak at this angle. 
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Fig. 3. The ratio of the observed elastic scattering to the Rutherford 
cross section plotted as a function of the center of mass angle of 
scattering for Be. 
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Fig. 4. The ratio of the .observed elastic scattering to the Rutherford 
cross section plotted as. a function of the center of mass angle 
of scattering for C. 
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Fig. 5. . The ratio of the observed elastic scattering to the Rutherford 
cross section plotted as a function of the center of mass angle 
of scattering for AI. 
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