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ABSTRACT 

A beryllium target has been bombarded with 12-Mev protons, 24-Mev 

deuterons, and 48 -Mev alpha particles. With the three projectiles the 

differential cross sections for inelastic scattering leading to the for

mation of the 2.43-Mev state have been measured. Application of 

inelastic scattering theory leads to the assignment 5/2 and odd parity 

for this leveL 

A very weak inelastic proton group has been found, confirming the 

recently reported "level" in Be 9 at - 1.8 Mev. It is pointed out, however, 

that the observations can also be explained on the basis of heavy-particle 

stripping in the reaction Be 9 (p, np 1 ) Be 8 . The observation of inelastic 

alpha-particle groups corresponding to levels at 6.8 and 11.3 Mev permits 

the assignment of isotopic spin 1/2 to these states. The data obtained 

were not inconsistent with the existence of levels at 3.1 and 4.8 Mev. 

The pickup reaction Be 9 (p, d) Be 8 , in which Be 
8 

is left in its 

ground state, was also observed. While the distribution of deuterons 

is peaked forward as predicted by Butler stripping, its shape is the 

same as that found at other energies. Such behavior is not in agreement 

with the quantitative aspects of the theory. 

The reactions Be 9 (p, np') Be 8 and Be9 (a, na•) Be
8 

have been studied. 
i' 

Analysis of the angular distributions suggests that those processes in 

which the charged particle retains most of the energy occur predomi

nantly by direct interaction. 
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Finally, the elastic scattering of protons, deuterons, and alpha 

partiCles has been observed. Analysis of the distributions on the basis 

of a black nucleus gives reasonable agreement with the positions of the 

diffraction features. The radii of interaction necessary are large, but 

consistent within themselves and with those which fit the inelastic data. 
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I. INTRODUCTION 

The basic problem of nuclear physics is to discover the laws that 

govern the forces between nucleons. Unfortunately there are no single 

experiments that can give this information in its entirety. There seem 

to be two approaches that yield certain of these properties. One is the 

investigation of single nucleons and their relationship to the mesons 

which are quanta of the force field. The second is the investigation of 

nuclear structures, the entities that these forces bind together. It is 

the latter approach with which this discussion is concerned. 

A nucleus generally has a ground state which may or may not be 

stable and many quasi.,.stable excited states or levels. These are 

characterized by the quantum mechanical properties, excitation energy, 

angular momentum or spin, parity, and isotopic spin. The last-mentioned 

has validity only in the region of the light nuclei$ where N::::: Z. In 

addition, there are any number of secondary quantities--such as the 

electric and magnetic multipole moments$ mode of decay$ formation 

cross section$ lifetime, nuclear radius, etc. --that provide additional 

criteria for the selection of a correct nuclear model. It is the job of 

the experimentalist to determine such information and to make com

parisons with the predictions of theory. 

A nuclear reaction can, in general, be written 

A+ X ._. B + Y, 

where A is the target nucleus, X the bombarding particle, B the 

residual nucleus, and Y the o~tgoing particle. The discussion has 

been limited to two-body processes only. If the particle X has a single 

energy E , then the particles Y will be observed with a set of energies 
X 

E ., where 
Yl 

The term Q is the usual energy release of a nuclear reaction, and is 

related to the ground-state masses of the nuclei involved; EBi is the 

r 
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excitation energy of the i-th level of the nucleus B. In the light nuclei, 

where the excited states are widely separated, the discrete values of 

E . manifest themselves in easily resolvable particle groups of different 
Yl 

energies. The angular distribution of the outgoing particles is determined 

by the spins and parities of the initial and final nuclei and by the reaction 

mechanism. As a consequence, the measurement of such angular dis

tributions can yield information about the properties of the energy levels 

involved. 

It is beyond the scope of this discussion to follow these general ideas 

further. In particular, one reaction of this type for which the reaction 

mechanism is fairly well understood is inelastic scattering. In such a 

re1ction the particles X and Y are the same, so that the nuclei A and 

B differ only in that while A is necessarily in its ground state B may 

be left in any of its characteristic levels. In an effort to determine the 

properties of the excited states of Be 9 an investigation of reactions of 

this type was undertaken that used the protons, deuterons, and alpha 

particles available at the 60-inch cyclotron. (The methods of analysis 

of these studies are described in detail as they are encountered.) In 

the course of this work other related reactions involving Be 9 as the 

initial nucleus were also studied. 
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II. THE HISTORY OF BER YLLIUM-9 

Although the beryllium nucleus was early the subject of considerable 

experimental investigation, its energy-level structure is poorly and 

incompletely determined. This is perhaps due to its very low neutron 

binding energy, 1.666 Mev. As a consequence, nuclear reactions in

volving Be 9 are generally accompanied by a considerable amount of multi

body breakup, for the escape of a neutron leads to the formation of 
8 

alpha -unstable Be 

Because of uncertainty in the type of nuclear model applicable, 

theoretical understanding has been slow also. On the one hand, the 

alpha-particle model~has exhibited considerable success in explaining 

the behavior of Be
8

. Treatment of the loosely bound neutron as a per

turbation to the alpha-particle model
1
is therefore possible. On the 

other hand, the wider applicability of the shell model is attractive. In 

the j-j coupling limit, 
2 

the properties of the lower-lying levels of Be 9 

should be due to the single odd neutron. Recent extensions of the shell 

model to intermediate coupling
3 

appear to be more realistic, but un

fortunately require lengthy numerical computations. The most recent 

nuclear model, 
4 

in which collective modes are considered, is being 

applied to the Be 9 data in an attempt t<;> obtain a better understanding. 

That work, however, is unpublished, so that it is impossible to judge 

its merits at present. Throughout these analyses, the theorist is 

hampered by the paucity of experimental evidence. 

Shown in Fig. 1 is the presently known energy-level diagram of Be 9 . 

For a complete listing of the experiments on which this is based the 

reader is referred to the excellent review article 5 from which this 

diagram was taken and to the earlier reviews in the same series. A 

brief summary of the existing information follows. !"\ 

(a) The ground state. As is usually the case, the ground-state 

properties are the most extensively known. The spin is 3/2. the parity i' 

is odd, and the magnetic moment is -1.178 nuclear magnetons. The 

mirror nucleus B 9 is unstable and decays into Be 
8 

plus a proton. 
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ENERGY LEVELS OF Be9 

TAKEN FROM AJZENBERG AND LAURITSEN , REVS. MOD. 

PHYS. 27,77 (1955) WITH MORE RECENT DATA ADDED. 

190 

MU-10599 

Fig. l. Energy levels of Be 9 . (Taken from Ajzenberg and Lauritsen, 
Revs. Modern Phys. 27, 77 (1955), with more recent data added.) 
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(b) Neutron threshold. The threshold for neutron emission is 1.666 

Mev. Thus the neutron is bound with less energy than in any other 

stable nucleus. 
(· 

(c) The 1 .. 8-Mev state. An s 1j 2 level at about this excitation was 

predicted by Guth 
6 

on a single -particle model to explain the behavior 

of the ()', n) cross section near thr-eshold. No further evidence for a 

level at this excitation was found until Moak, Good, and Kunz 
7 

reported 

the results of a study of the reaction Li7 (He
3

, p)Be 9 at 720 kev laboratory 

energy. Although three-body breakup was present, a peak corresponding 

to a level at 1.8 Mev was prominent. In order to confirm its presence, 

Lee and Inglis 
8 

repeated earlier work on the magnetic analysis of the 

reaction B 
11

(d, a)Be 9 . A very weak indication of this lev-~1 was reported. 

When the experiments described herein were undertaken, this level had 

not been detected in inelastic scattering experiments. Recently, how

ever, groups at Rice 9 and Indiana 
10 

have observed weak indications of 

inelastic particle groups which could correspond to a level at this exci

tation. Considerable doubt exists, however, whether the effects seen 

are due to a level in Be 9 or whether they are merely manifestations of 

resonance properties of the unbound Be 8 + n system. Careful investi

gation 
11 

of reaction's leading to B 9 , the mirror nucleus, fail to show 

any clear indication of a level in the vicinity of this energy of excitation. 

(d) The 2.43-Mev state. This level has been observed in many 

experiments, namely 
9 9* 12 Be (e, e') Be at 190 Mev; 

Be9 (p, pu) Be 9* t 5 2 M 9 a . ev, 13 
7.1 Mev, 14 
7.5 Mev, 15 16 

31.3 Mev; ' 
9 i 9* . 10 Be (d, d ) Be at. 10.8 Mev, 17 

14.5 Mev; 
9 9* 18 Be (a, a') Be at 21.7 Mev; 

Be
11 

(d, a) Be 9 ""' at 1.51 Mev; 
19 

10 9* 20 Be (n, d·) Be at 14 ··· Mev; 
l 0 9* 21 

Be (t, a) Be at low energy; 
. 7 3 9* 7 L1 (He , p) Be at 7 20 kev, 

22 
900 kev. 

• 
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Unfortunatelyp most of, these measurements have been carried out at 

only one angle and lack absolute normalization, so that little information 

about the cross section for formation is known. The most precise mag

netic spectrometer measurements lead to an excitation energy of 2.428 

:1: 0.003 Mev. The level is reported to have a natural width less than 

3 kev. 
23 

Dissanaike and Newto~24 found that it decays predominantly 

by neutron emission to the ground state of Be 8 In an inverse Butler
25 

20 
stripping reaction Ribe and Seagrave concluded that the level has odd 

parity and 3/2 < J < 9/2, the same result as they obtained for the 

Be 9 ground stat:. A -comparison of the inelastic proton data at 31 Mev 

with the theory of Austern, Butler, and McManus 26 (hereinafter referred 

to as the ABM theory) led Finke 
16 

to assign the level even parity and 

1/2 .: J :: 7 /2-:' t 
(e) The 3.1-Mev state. Like the 1.8-Mev level, this was first 

7 3 9*7 10 9* 21 
discovered in the reactions Li (He , p)Be and B (t, a.)Be . 

More recently the experiments by Lee and Inglis
8 

and by Rasmussen 

et al. 
10 

have shown that this level is weakly excited in other reactions. 

(f) The 4.8 -Mev state. This statep which appears to be broad, has 

been observed by Moak et al. 7 and Benveniste et al., 
16 

and in the 
10 9* 21 

reaction B (t, a.)Be . 

(g) The states at 6.8, 7.9, and 11.3 Mev. For the most part experi

menters have not had sufficient energy to produce these states. The 

presence of these states has been established by inelastic proton scat

teri~g. 16 
The 6.8-Mev level has also been observed in inelastic 

electron scattering at 190 Mev. 
12 

Rough data 
27 

indicate that Li 9 decays 

by !3- emission to these highly excited states of Be 9 (or other states 

in the same region). No precise informatioh about the end-point energy 

or the complexity of the decay scheme is available, however. 

(h) States with energies above the proton threshold. The proton 

threshold in Be9 is 16.871 Mev. In the region 17 t,o 22 Mev rnany levels 

have been observed in 31-Mev proton bombar_dment l6 and inferred from 

+rna recent article based on this work the authors re--examine the 

data and suggest ·that J= l/2p 3/2, 7/2, or 9/2 a.nd odd parity is a pos

sibility. 
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the behavior of yield measurements
28 

of the reactions Li 7 (d, n)Be 
8 

and 

Li 
7 

(d, p)Li
8

. These levels are too high in excitation and too closely 

spaced to permit investigation in the work reported herein. For the same 

reasons their interpretation with present nuclear models is impossible. 

In addition to the above level data~ the energy depe.n.dence of the 
. 29 5U 

photonuclear reactions ae 9(y, n)Be
8 

and Be 9(y, p)Li8 has been 

measured. Comparison of these cross sections led Nathans and Halpern 

to suggest that the alpha-particle model was applicable. 

The experiments de scribed in this paper were carried out with four 

major goais in mind: 

1. A detailed examination of the 1.8 -Mev level, in order to verify 

its existence and to determine the cross section for its formation. If 

possible, angul~r-distribution measurements were planned to permit 

evaluation of the spin and parity involved. 

2. Determination of the cross sections for the formation of the 

2.43-Mev state in order to resolve the disagreement in parity mentioned 

above. Further, it was hoped that an unambiguous spin assignment 

might be made possible by combining proton, deuteron, and alpha-particle 

data. 

3. Examination of as many of the more excited states as reaction 

kinetics permitted. Cross-section measurements, if possible, would 

allow spin and parity assignments. Moreover, presence or absence of 

these levels in alpha-particle excitation would permit isotopic-spin 

assignments. 

4. Measurement of elastic scattering cross sections for the deter

mination of the nuclear radius from optical model considerations. In 

particular, in such a l_oosely bound structure one might expect a con

spicuous deviation from the usual r
0 

A l/
3 

law. 

As will be seen in what follows, these aims could not be completely 

fulfilled. This was due in part to the smallness of the cross sections 

for the formation of some of the excited states. The major experimental 

difficulty, however, was the dominating presence of charged particles 

from multibody reactions. 

• 
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III. EXPERIMENTAL 

A. Introductory Remarks 

In order to determine differential scattering cross sections with 

the formation of specific excited states, four items are required: (a) 

an incident beam of particles, (b) a target, (c) a device for measuring 

the amount of incident beam, and (d) a detector of the scattered particles. 

To obtain the required angle and energy resolution the incident beam 

must be reasonably momoenergetic and parallel, the target must be thin, 

and the counter must subtend a sufficiently small angle and provide 

energy selection.. The manner in which these criteria were satisfied is 

de scribed in the following subsections. Descriptions of the equipment 

itself are, for the most part, brief, since accounts have already been 

published by Fischer, 
31 

Ellis, 
32 

and Vaughn. 
33 

However, since the 

problems encountered in this work were somewhat different from those 

in the foregoing experiments, the methods followed are discus sed in .. 
more detail. 

B. The Cyclotron Beam, Scattering Chamber, 
and Beam Collimation 

The external beam of the 60-inch cyclotron at Crocker Laboratory 

was used. This accelerator produces beams of 12-Mev protons, 24-Mev 

deuterons, and 48-Mev alpha particles. Figure 2 is a simplified schematic 

diagram of the experimental arrangement, The particle beam, extracted 

by the electrostatic deflector, passed through the cyclotron fringing field 

via the iron snouts shown, It was then strong-focused by the two-unit 

quadrupole lens and led the 12 feet through the water shielding to the 

36-inch scattering chamber in a 2-inch-diameter brass pipe. The 

aperture of the lens system was determined by the adjustable slit im

mediately in front of the strong-focusing magnets. 

The scattering chamber was designed to permit as much remote 

operation as possible to avoid interruption in cyclotron operation during 

the course of the experiments. The detector was mounted on a table 

which could be rotated to position the former at any desired angle 
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MAGNET COIL TANK 

Fig. 2. Schematic diagram of the cyclotron and scattering chamber , 
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to the beam direction. The target, mounted from the lid of .. the chamber, 
' ., 

could also be rotated to any desired orientation. In addition, to permit 

removal and change of targets during operation, the target assembly could 

be raised and lowered. All these movements were made by remote 

control; the positioning was communicated to the counting area by means 

of micro switches and selsyn repeater syste~. An aperture at the rear 
. I . 

of the scattering chamber allowed the beam to enter a Faraday cup behind. 

It has already been mentioned that partial beam collimation was 

achieved through the use of the lens aperture slit and the strong -focusing 

system. In addition, three circular carbon collimators (the smallest 

with a 1/8-inch-diameter hole) could be positioned either in the brass 

pipe just outside the chamber or inside the scattering chamber itself, 

so that the nearest was only some 3 inches from the target. Three 

different collimation arrangements were thus available: circular col

limators inside the chamber, circular collimators outside the chamber, 

or no circular collimators at alL With each arrangement the beam spot 

at the target position was about 1/8 inch in diameter. To minimize 

counter background each arrangement had its application during the 

course of these experiments. 

The maximum beam current available in this way was usually more 

than enough to give satisfactory counting rates in the detector. General 
' -4 -1 

operating beams ranged from 10 to 10 micr?ampere depending on 

the magnitude of the scattering eros s section being measured. 

C. The Faraday Cup and Monitoring System, 
and Measurement of Beam Energy 

As mentioned, a Faraday cup was attached at the rear of the scat

tering chamber. The beam charge collected on this was integrated on 

capacitors of known value .. The resultant voltage was measured by a 

standard Radiation Laboratory negative -feedback electrometer and 

displayed on a Speedomax Recorder. After collection of 'predetermined 

amounts of charge the scaling equipment was automatically gated off 

to await recording of the data. 
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A thin Nal crystal and its viewing photomultiplier were placed out

side the chamber at 20° to the incident beam direction. Particles 

scattered at this angle from the target were adrp.itted to this monitor 

through a thin aluminum window. After amplification and discrimination 

the output pulses from the phototube were fed to a counting-rate meter 

in the cyclotron control room to provide the operators with a continuous 

indication of the beam intensity. The same output was also fed in parallel 

to a scaler in the counting area. Since the crystal remained at a constant 

fixed angle, for a given scattering target the number of monitor counts 

was directly proportional to the number of incident particles. After 

calibration against the Faraday cup, this crystal arrangement served 

as a secondary beam-measuring device.• It therefore provided a check 

on the correct operation of the Faraday cup during runs. 

Its counting rate also provided the only beam-intensity measurement 

when data were being taken at extreme forward scattering angles. This 

was because the outer case of the detector obscured the Faraday cup 

aperture when the counter was positioned at angles less than 7°. 

Beam-energy measurements were carried out by determining the 

range in aluminum of the incident beam. Immediately in front of the 

Faraday cup were two remotely controlled wheels, each holding ten 

aluminum absorbers~_plus two blanks to permit normal integration of 

the incident beam. One of these, the so-called 'thick wheel," was 

rotated until the thickest foil, which did not reduce the amount of beam 

transmitted, was positioned over the entrance to the Faraday cup. 

Then, by rotating the ''thin wheel," one could obtain a plot of -the beam 

intensity versus absorber. Analysis of an integral range curve of this 

type yields the mean energy and the beam resolution. From several 

determinations the latter was found to be approximately lo/o. Although 

the mean energy was observed to be a function of cyclotron operating 

parameters~ particularly deflecto~ voltage and oscillator power, its 

variation from run to run was never more than lo/o. Allowing for the 

1.5o/o energy loss in the beryllium target used in these experiments, 

best values for the energies in the target were: 

• 
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12.0 ± 0.2 Mev, 

24.0 ± 0.4 Mev, 

48.0 ± 0.9 Mev. 

D. The Detector and As·sociated Electronics 

As already mentioned, to be useful in an experiment of this type, 

the detector must have adequate angle and energy resolution. Acceptance 

angle can be made as small as desired by using a suitably small entrance 

aperture. In this particular case, since the angular spread of the inci

dent beam was of the order of 1°, nothing was to be gained by going to 

better resolution than this. The aperture used was 0.25 in. in diameter 

at a distance of 12 in. from the target. For measurements at small 

scattering angles, in order to reduce the detector sensitivity and so 

avoid the necessity of operating the cyclotron at micromicroampere 

beam levels, a second aperture 1/40 as large as the first was available. 

This could be moved in and out of position by- remote control. 

Energy resolution was achieved by using a three -chamber propor

tional counter telescope and variable aluminum absorbers. Complete 

details of the counter assembly are given by the designer. 
32 

A schematic 

is shown in Fig. 3. Particles of the desired 'energy were detected by 

interposing an appropriate amount of absorber so that they came to rest 

somewhere in the interval between just entering the second chamber 

and just entering the third. The second and third chambers were thus 

used in anticoincidence. The first chamber, in coincidence with the 

second, provided a counter telescope and pulse-height discrimination. 

The effective thickness of the counter from front to range foil (the foil 

separating Chambers 2 and 3) was about 19 mg/cm
2 

of aluminum. 

Consequently a low-energy detection cutoff existed--3.0 Mev for protons, 

3.6 Mev for deuterons, and 12 Mev for alpha particles. The flatness 

of the range -energy dependence at low energy imposes a resolution cut

off too. The latter proves to be more of a limitation. 

Figure 4 shows a block diagram of the counter electronics as well 

as the circuitry used in connection with the monitor and Faraday cup 

already described. Separate positive high voltage (not shown) was 
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Fig. 3. Schematic diagram of the detector. 

' 
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Fig. 4. Block diagram of the electronics. 
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supplied to each chamber of the detector. By means of a precision 

resistan.ce chain and a Leeds and Northrup potentiometer, voltages could 

be set and measured to 1 part in 2500. During runs lasting more than 

a week no drifts of more than 2 volts in 1500 were ever observed. Counter 

pulses were delay-line clipped to 1 microsecond duration and fed to 

preamplifier circuits near the scattering chamber. These provided 75x 

amplification, with cathode -follower output matched to the coaxial line. 

After reaching the counting area, the pulses were fed to linear amplifiers 

whose outputs were coupled to standard variable -delay variable- gate 

discriminator circuits. The output gate pulses were mixed in the desired 

manner in 8-channel quadruple-coincidence circuits. The timing of the 

gate pulses was carefully checked on an oscilloscope at frequent inter-

vals during the runs. Since all circuits were on stabilized power and were 

thermostatically maintained at constant temperature, few drifts occurred. 

With these coincidence networks three types of events were recorded-

those corresponding to the passage of a particle through Chambers 1 and 

2, those corresponding to the passage of a particle through all three 

chambers, and those in which Chambers 1 and 2 were triggered while the 

third was not. These will be referred to as CC's, CCC's, and CCA's 

respectively. It will at once be appreciated that CCA = CC - CCC. 

Close agreement between the CCA and the subtraction provided assurance 

that the system was operating properly. Because anticoincidence circuits 

are less trustworthy the subtraction was considered the more accurate. 

The singles in each of the counters were recorded to permit check of the 

individ,ual counting rates. In order to determine that accidental coinci

dences were few in number it was only necessary to introduce extra 

delay into any of the three gate-producing circuits. 

The variable aluminum absorber consisted of 11 foils between the 

entrance aperture and the counter. These could be interposed or with- l' 

' drawn individually by means of solenoids operated from the counting area. 

The smallest of these foils was 0.601 mg/cm
2

, the others being twice, f 

four times, eight times, etc., as thick. In this way the total amount of 

absorber could be varied from 0.60 to 1230 mg/cm
2 

in steps of 0.60 

mg/ em 
2

. A twelfth solenoid controlled the smaller entrance aperture 
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mentioned above. The foils and the sensitive volume of the counter were 

suffic_iently large in area so that only a negligible fraction of the particles 

passing through the aperture would escape detection because of multiple 

scattering in the absorber. 

E. Targets 

All of this work was done using the same 1-mil beryllium target. 

Its size, 1.5 by 1 in., permitted the supporting brass frame to be well 

removed from the incident beam. Its exact thickness was determined 

by weighing. the careful measurement of its area with a traveling micro

scope. The value obtained checkedwith a measurement of the beam 

energy loss in the target. As mentioned above, this energy loss intro

du.ced only a 1.5o/o uncertainty in the reaction energy. The root-mean

square multiple-scattering angle for all beams was less than 1°. Only 

a negligible amount of the transmitted beam, therefore, escaped detection 

in the Faraday cup •. The purity of the target was checked by spectro

scopic analysis. Only trace amounts of Mg, Ca, and Fe were found. 

There was a larger amount of oxygen contamination, however. This 

manifested itself in the. presence of elastically scattered particle groups 

(shown in Fig. 9 for protons) whose energies were characteristic of a 

mass-16 recoil. From the ratio of the intensities of the oxygen and 

beryllium elastic proton groups at 90° and the c:ross section for o16 

(p, p) o 16(measured34 at 19 Mev and corrected for a l/E
2 

dependence 

and ·diffraction effects to 12 Mev), this oxygen content was found to be 

less than 1 o/o. 

In order to permit alignment of the counter electronics with more 

nearly monoenergetic scattered particles, a thin gold target was provided 

also. 
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F. Geometrical Alignment Procedure 

Scattering runs were usually of 6 days' duration. Geometrical set

up, in which every precaution was taken to insure that the beam traversed 

the scattering chamber in the correct manner, generally was completed 

in 12 hours. Alignment was begun by taking nuclear emulsion pictures 

of the beam at the end of the long iron snout. At this point the beam was 

rectangular in cross section with its longest dimension in the horizontal 

plane. By adjustment of the orientation of the snout and by the addition 

of extra iron for more effective magnetic shielding the ~'hot spoe' was 

centered in the aperture. The lens aperture slit and the 12-foot brass 

beam duct were then attached and further pictures taken at the far end 

to locate the normal beam trajectory. Under these conditions, the beam 

was very diffuse and filled the aperture of the pipe. After satisfactory 

crude alignment, the strong-focusing magnets were energized. 

Adjustment of their positioning and strength was continued until pictures 

showed a nearly clean round spot about 1/8 in. in diameter. 

At this stage the scattering chamber was moved into approximate 

position and alignment continued visually by means of a telescope mounted 

at the Faraday cup aperture. As a final check further beam patterns. 

were taken in the plane of the target position. The strong -focusing mag

net current was generally reduced about 10o/o to provide optiirlum focus 

at this greater distance. A final check of the alignment of the carbon 

collimators (in the de sired position of installation) and of the detector 

and target remote position indicators completed geometrical alignment. 

Not previously mentioned but also fastened to the movable table 

within the scattering chamber was a metal plate in which a 1/16-in.

wide vertical slot had been cut. Mounted 45° counterclockwise from 

the detector, it permitted the measurement of the beam profile. With ,.. 

the target in position this slot was moved across the front of the Faraday 

cup aperture in 0.25° intervals. At each setting the cup current cor- f 

responding to a suitable constant number of monitor counts was recorded. 

Since the monitor counts were proportional to the beam incident on the 

target and hence entering the chamber, and as the Faraday cup meas.ureq 
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the beam passing through the slot, a beam profile was obtained. Typical 

profiles are shown in Figs. Sa, Sbp and Sc for the various positions of 

the carbon collimators used in the proton, deuteron, and alpha-particle 

bombardments. In spite of the care with which geometrical alignment 

was made, the centers of these distributions generally deviated from 

the 0° axis of the chamber by 0.2° or 0.3°. These deviations were 

noted and the laboratory angles of all measurements corrected accord

ingly. 

G. Alignment of Electronics and Use of the Counter 

All adjustments were carried out with the gold target in position 

and the counter set at some convenient forward angle, 25° for example. 

Since elastic scattering predominates unde_r these conditions, an es

sentially monoenergetic beam was avaiiable. The counter could not be 

placed in the direct beam itself, since even the smallest beam level 

was too intense. 

For alpha particles, counter high voltages were generally set near 

1350 volts; for protons and deuterons voltages closer to 1450 were 

common. The three gate pulses were brought into time coincidence 

. with the variable delays and adjusted in length so that those from 

Chambers 1 and 2 were 1 microsecond in duration and those from 

Chamber 3 were 2 p.sec. With sufficient absorber in front of the counter 

so that the particles were stopping in Chamb,er 1, the first linear 

amplifier was adjusted so that the mean ·output pulse height was approxi

mately 50 volts, The absorber was reduced to allow the particles to stop 

in the s~'cond chamber, and the second linear amplifier adjusted in the 

same way. Similarly the third linear amplifier was adjusted. This 

process insured that the pulses from each chamber were being amplified 

to about th.e same extent and further that the maximum possible pulse 

size would never cause overloading. 

Most often the counter was used differentially, that is, it was used 

to detect particles whose ranges lay in the interval R to R + b.R. The 

discriminators were set to achieve that result as follows. 
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The second and third discriminators were set as low as practicable 

just above the noise level. The absorber was adjusted to maximize the 

CCA's, or, in the language of the trade, t
1the counter was set on the 

peak." A discriminator curve for Chamber 1 was obtained by determining 

the number of CCA's as a function of the first discriminator. A typical 

curve is shown in Fig. 6a. Under normal conditions it was usual to pick 

the operating point near the upper end of the plateau, for example, N 

on that graph. Figure 6b illustrates proton and deuteron discriminator 

curves taken with the ·same high voltage and amplifier gain. In order to 

discriminate against protons while counting deuterons, one should choose 

an operating point like D. 

After the first discriminator was set at the desired bias level, the 

second was varied and the number of CCA 1s determined to obtain a . . 
Chamber 2 discriminator curve. A typical plot, depicted in Fig. 6c, 

does not show a plateau. The slope of the first portion of this curve 

may be understood when one considers that variation of the bias level 

unavoidably changes the ~R in which the particles may stop and still be 

identified as a .CCA. To insure fairly good resolution (L e., a reason

ably small range-window width) without the necessity of operating in a 

region where slight drifts in amplifier ·gain, counter high voltage, etc., 

would cause serious variation in counting efficiency, it was usual to 

choose an operating point near the end of the less steep portion of this 

curve. 

Since the third counter was to act simply as a yes -no device,. its 

discriminator was set as low as possible--not so low, however, that 

electron pulses were counted. 

When the range of the particle group to be detected was considerably 

greater than that for any other group emitted from the target, it repre

sented a saving in time to count integrally. In this mode of operation 

the CC 1 s include, roughly speaking, all particles with a range greater 

than R 1, and the CCC 1s all particles with a range greater than R 2, 

where R 2 > R 
1

. This statement is, in fact, incorrect. Since the rate 

of energy loss is a decreasing function of residual range (at nonrelati

vistic energies) it was impossible with practical bias settings to avoid 
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a high-range cutoff. The excuse for using the name "integral counting" 

is that the range ·acceptance width could be made as large as 50 mg/cm
2

. 

The differential window width on the other hand, was approximately 
2 

3 mg/ em . The procedure followed to find the optimum bias settings 

in this case is described below. 

With all three discriminators set low, the counter was set suitably 

below the peak so that the elastic particles were passing into and through 

the third chamber. Through variation of the bias setting, first for 

Chamber l and then for Chamber 2, the number of CC's (CCC 1s showed 

the same general behavior) was obtained as a function of bias voltage. 

Typical integral bias curves are shown ih Figs.· 7a and 7b. Normal 

operating points would be as marked, namely, on .the flat portions of 

the curves as near the noise level as possible. The third discriminator 

also was set as low as practicable. With the bias settings chosen, 

correct integration action was checked by plotting the number of CC 1 s 

as a function of absorber in the region of the elastic peak. See the 

upper curve of Fig. 8. 

For integral counting, provided losses due to the high-range cutoff 

are avoided, detection efficiency is 100%. That is, the total number of 

particles Nt in an elastic peak is just the number of CC's recorded at 

any suitable absorber setting below the peak. The differentialdata, 

however, are not so directly related to Nt. At any absorber R the 

number of CCA' s N(R) is the number of particles with range between 

R-AR/2 and R + AR/2, where 6R is the window width or ''range bite" 

of the counter. After the determination of N(R) throughout the region 

of the peak, one can write 

Thus 

r N(R) dR = AR;dN = Nt AR. 
·)peak 

AR = Area under the peak (taken differentially) 
Total number of particles in peak (taken integrally)" 

Once the range bite has been determined, Nt for any other differential 

peak can be obtained by dividing its area by this number. The value of 

AR was generally about 3.1 mg/ em 
2

, but of course it varied from nm 
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to run owing to differences in bias settings, etc. A typical determination 

of the range bite is illustrated in Fig. 8, which also shows the relation

ship between differential and integral counting. 

H. The Measurement of Differential Cross Sections 

For each cross section measured, the counter and target were set 

at the desired angles and the beam level adjusted to give suitable count

ing rates, that is, singles rates in each chamber not in excess of 400 or 

500 per second. 

Scanning of the charged-particle spectra was done, and data for most 

of the cross sections reported were obtained differentially. In the absorber 

region of interest the number of CCA's for a suitable fixed amount of 

incident beam was determined as a function of absorber. It was usual to 

measure points every 2.4 mg/cm
2 

acrbss a peak and then, to better 

determine the shape, the middle points in each interval were taken. As 

a result, therefore, data every 1.2 mg/cm
2 

were obtained. This alter

nating procedure was adopted as protection against gradual shifts in the 

beam energy. Slight though these might be, if they went unobserved the 

peaks would be erroneously widened or narrowed, introducing errors in 

the peak areas. 

After checks had ~een made at several angles to as sure that the 

elastic proton group was well separated from inelastic events, the data 

for this eros s section were taken integrally. In order to avoid prolonged 

deuteron bombardments and the consequent high radiation level in the 

laboratory, a large part of the ela.stic deuteron data was taken in the 

same way. Here, too, differential scanning was carried out at a 

sufficient number of angles to verify the accuracy of the integral data. 

To verify that the number of CC's so obtained included all of the desired 

peak and a negligible number of other particles, a series of about four 

points were taken, with absorber values differing by steps of 2.4 mg/cm
2

, 

in the region below the peak being integrated. The constancy of the 

number of CC's obtained and the near equality of the CC's and CCC's 

implied that the low side of the peak wa!s, indeed, "clean" and that, 

' 
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furthermore, no loss of counts was occurring because of the high-range 

cutoff. One additional point, taken at an absorber value just greater than 

that of the upper edge of the peak, indicated tha,t the peak was "clean" 

on the high side. 

To avoid systematic errors due to drifts in the electronic equipment-

during a day, over a run, or from run to run- -frequent checks of the 

eros s -section determinations were made. At least one point taken 

during the preceding day (or run) was repeated the following day (or run). 

Furthermore, the various angles were measured in random or at least 

alternate sequence. 

Target-out backgrounds (except for the deuteron bombardments) 

were negligible except at angles less than 15° or greater than 130°. 

These were determined where necessary either imrn:!diately after the 

target-in data for that angle or (more often) after the completion of all 

the target-in data for a given run. The latter procedure was adopted to 

avoid possible errors in the relative cross-section shapes due to in

homogeneity and inexact replacement of the target. This eventuality 

was thought to be more likely than time variation of the background. 

I. Reduction of Data 

The expression for the differential cross section in the laboratory 

frame may be written in the form 

X' = nNLSn' 

where X' is the number of particles emitted from the target 

into the solid angle Afl per microcoulomb of incident beam, 

n = 1/ze is the number of beam particles per microcoulomb, 

z, the charge of the bombarding particle, is 1 for protons and 

deuterons and 2 for alpha particles, 

e is the electronic charge in microcoulombs, 

N is the number of target nuclei per square centimeter of the target, 
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and 6.0 is the solid angle within which the scattered particles are 

detected by the counter. 

The nuclear target density can be expressed in terms of constants and 

the quantities actually measured, 

N _ LT 
- M cos 8T 

where L is Avogadro's number, 

and 

T is the thickness of the target in grams/cm
2 

(in case the target 

is not completely composed of the targe't nucleus, this quantity 

is to be taken as the areal density of that nucleus only), 

M is the atomic weight of the target nucleus atom, 

eT is the angle between the normal to the target and the direction 

of the incident beam. 

After transformation to the center-of-mass frame the expression 

becomes 
) 

(~) = [c~ . 
e [

MJ . ~os 8T xJ LJ LT LSn .. 

where G =dOL/dO, and the center-of-mass angle e corresponds to the 

laboratory angle eL. Letting X' = X/Q 

and ·X = A/B for differential counting, or 

X=C for integral counting, 

where B is the range bite of the counter, 

A is the area under the peak for a charge of Q microcoulombs 

collected at each absorber setting, and 

C is the number of CC's counted for a charge of Q micro

coulombs, we have the equation i.n the form most convenient 

for computation, 

[
Mel ~cos eT . J 
L J LT 0 LSn x 

The errors involved in a cross-section measurement are readily 

obtained in the usual way. The quantities in the first bracket are 

.. 
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errorless, while those in the second are fundamental physical constants 

whose errors are negligible in comparison with the other errors involved 

in the experiments. Thus we have 

·o (~) 
dCT 
an-

. These errors are of two types, those which affect the shape of the cross 

sections and those which affect only the absolute values, that is, those 

which are common to all measurements regardless of angie. For each 

of the quantities eT, T, Q, b.O and X, therefore, the errors involved 

are discussed from these two points of view: 

The target angle took only two nominal values, 0° and 45°. The 

reproducibility of the 0° setting was checked before each run and found 

to be ±0.1 °. Unfortunately it was not easy to check the 45° position 

with sufficient precision. A conservative estimate of the error was 

taken as ±0.25°. Thus o(cos ~T) is 3 X 10- 6 at 0° and 4.1 X 10- 3 at 
cos T 

45 °. The error in absolute value due to the error in the target angle 

is therefore ±0.4lo/o. The error in relative cross section due to target 

angle is virtually zero, however, since the target angle was not adjusted 

for whole series of points- -in fact all the elastic proton data were taken 

with one target angle setting. 

The target thickness was determined to be 4.69 ± .02 mg/cm
2

. The 

absolute error due to the target is therefore ± 0. 37o/o. In addition, a 

relative error of 1 o/o has been conservatively allowed for possible target 

inhomogeneity. By actual test,* it is probable that the target was more 

nearly homogeneous than has been allowed. 

The charge (amount of incident beam) collected at a point was cal

culated from the relation Q = VCd, V being the voltage at full scale on 

* The number of integral counts for the elastic proton group at 40° was 

measured with the target moved slightly between each determination. 

All the numbers were within the lo/o counting statistics. 
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the rec.order, C the capacity of the condenser used, and d the number 

of "dumps" of the electrometer, The recorder calibration was checked 

before and after each run by comparing its deflection for voltages also 

measured with a Leeds and Northrup potentiometer. These calibrations 

were estimated to be accurate to 0.1 o/o and were in fact constant to 

within 0. 3o/o over a period of several months. The condensers used 

were compared with a secondary standard condenser of 1.043 ± 0,005 

microfarads by the method of charge-sharing. Their values were found 

to be constant within 0.3% over a period of several months. The number 

of dumps, being confined to integral values, was exact. In summary, 

for the relative cross sections ~ = ±0.54% and for absolute calibration 

there is an additional 0.5% error. 

The detector collimator wa:s a round hole of radius 0,1252 ± .0005 

in. at a distance of 12.284 ± .025 in. from the target. These dimensions 

were determined by traveling microscope and 1/64-in. rule, respecti-
-4 

vely. The solid angle .6n was therefore (3.265 ± 0,039) x 10 steradian 

and its fractional error 0. 90o/o. As effects due to the finite size of the 

beam spot are small, the solid-angle error is one of absolute magnitude 

only. 

By far the greatest source of error was in the determination of X, 

the number of particles in a ·peak. The origin of this uncertainty depends 

on the method of counting. To consider integral counting first, contri

butions to the error in X come from statistics, background under the 

peak, counts above the peak, and counts below the peak. A generalized 

integral determination yields the numbers NL and nL counting below 

the peak and NH and nH above the peak, where the N's refer to the 

CC's andthe n''s tothe CCA's. Iftheidealcase NH=nH=nL=O 

does not prevail there are three extreme explanations of the data. 

(a) There is a second peak at slightly greater range than the one under 

consideration. Since it contributes to both NL and NH' the correct 

value of X is NL - NH. 

(b) There is a second peak at considerably greater range than the one 

under consideration. If it contributes to NH but not N L' the correct 

value of X is NL. 
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(_c) A general background level (for example, initiate<:! by neturons or 

due to multiple scattering) is interfering. In such a case if one assumes 

it to be constant with respect to absorber the correct value of X is NL -NH. 

To first order, allowance for a possible linear variation can be made 
. ny-

by ta.kmg X= NL - nH NH. 

Since there is no way, within the framework of integral counting, to 

correct for an overlapping peak on the low side, the absence of such an 

effect must be verified differentially before integration is considered. 

Because of the uncertainty in the exact correction to be applied, the 

number of CC's was taken to be_ NL. The probable error assigned was 

~~jz\ N . The statistical error is ± 0.67 ~· These were combined 
'/ H aX 

quadratically to give -x . 
The determination of X from differential data can be a much more 

involved process. After the plotting of a differential spectrum a smooth 

curve was drawn visually through the points, whose statistical errors 

were kept in mind. Ordinates were read every l mg/cm
2 

across the 

region of interest of the spectrum and the area under the curve was 

evaluated by use of the trapezoidal rule. * Where peaks overlapped or 

an obvious background was present the total ordinate was distributed 

among the individual features so that each would have a smooth and 

logical shape. t The results of such a partition are shown in Fig. 9 for 

protons on beryllium at eL = 21°. Finally, this area was divided by the 

counter range bite to yield X. 

* It was found that the trapezoidal rule and the more accurate Simpson's 

1/3 rule ga~e the same result within the statistical errors of the data. 
I 

Since trapezoidal-rule computations are the more readily accomplished, 

this method was used. 

t From the theory of range straggling
35 

the shape of a peak should be 

approximately Gaussian, with a broader tail on the low range side. 

Cleanly resolved peaks agreed with expectations. 
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Fig. 9. The separation of overlapping peaks and backgrounds. (The 
significance of the arrows is explained in the Appendix.) t.' 
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Under these conditions the error in X includes contributions from 

counting statistics, background under the peak, overlapping of peaks, 

variation in peak width, and determination of range bite. A short 

discussion of each follows. 

Since the area integral was replaced by the finite summation 

A =1 N(R) dR = t N(R.) D.R., 
1 1 

peak i=O 

the statistical error in the integral may be written 

(~ = 0.67{~ [uN(RiD
2 

·D-Ri
2
} l/Z = o.67{f N(Ri)b.R/} l/Z 

7 stat 1=0 1=0 

This expression was evaluated for several peaks and the relative error 

in the area found to have the upper limit. 

(ofj < o.o6o , 
stat-~ 

where p is the number of coun.ts at the peak. To reduce the amount of 

computation necessary the statistical error in all peaks was conservatively 

estimated by assuming equality. 

Background under elastic peaks was virtually nonexistent. Back

ground under the 2.43-Mev inelastic peaks and the Be 9(p, d)Be
8 

peak 
' 9 8 

was undoubtedly due to the reactions Be (x. nx 0 )Be . By means of the 

analysis outlinedtin the Appendix the angular dependence of these 

backgrounds was found. The distributions were smooth functions of 

angle within 10%. With this interna:-consistency estimate of back

ground errors, the error in a peak due to background effects was con

sidered to be ±lOo/o.of the background subtracted. The error due to 

background subtraction for peaks corresponding to more highly excited 

states would be considerably greater. 

At those angles where peaks overlapped one another1 additional 

error was introduced. Extreme estimates of the areas of the unresolved 

peaks were then made and their deviations from the most reasonable 

areas treated as probable errors. The uncertainty from this effect was 
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thus most conservatively treated. The very large errors in the inelastic 

cross sections at forward angles resulted from the overlap of elastic 

events. 

The net area of each peak was divided by its net peak height to 

determine the half width of an equivalent triangular peak. From 

kinematical considerations and the theony of range stragglingp such 

half widths would be expected to show a smooth variation with scatter

ing angle except where the target angle was changed from 0° to 45° or 

from transmission to reflection. From their fluctuation about smooth 

curves an error of ±3% due to peak-width variation was deduced. As 

already mentioned, small energy shifts during data taking could distort 

the peak widths observed. Although precautions were taken to avoid this 

occurrence's passing unnoticed, an error of this magnitude could have 

been present. Including it gives a conservative estimate of the accuracy 

of the measurements. 

Finally, the determination of X by the differential method requires 

the measurement of the range bite B. Since the bite is evaluated as 

the ratio of an integral count and a differential peak area, the error in 

its magnitude was computed from the preceding considerations. By 

use of the elastic scattering from gold for this determination, errors in 

it due to background and overlap were minimized. During a run the 

range bite remained the same (as evidenced by the consistency of the 

check points taken each day). Thus, this error is one of absolute value 

only. 

To further illustrate the method of calculation of the differential 

cross sections and to exemplify the magnitude of the errors involved, 

two sample computations follow- -one derived from differential data and 

one measured by integration. 

For the observation of the 2.43-Mev inelastic alpha particles at a 

laboratory angle of 69.8° the target angle was 42.8°. The amount of 

incident beam for each point taken was 3. 31 micro coulombs. The area 

under the differential curve was 238 x 64 counts x mg/cm
2

, while over 

the same region the best estimate of the background due to the (a., na.') 

reaction was 45 x 64 counts x mg/ em 
2

. The number of counts at the 

.. 
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peak of the inelastic distribution was 40.4 x 64. ' Target-out .background 

was negligible at this angle of scattering. The range bite of.the counter 

during this run was 3.23 ± .10 mg/cm2 . The error due to overlap of the 

elastic peak was estimated to be ± 1.2 x 64 counts x mg/ em 
2

. 

From the above data: 

X - (238 - 45 ) x 64 = 3820 counts, - 3.23 

(
ox\ o.o6o 
"""'X""')s tat = fv"44A 

= 0. 94o/o, 

(
oX\ _ (O.lo) (45) = o/1 

. x)bkgd - (238 - 45) 2.33 o. 

. 0 0 
From the kinematics of the reaction, for eL = 69.8 , 8 = 95.5 and 

G = 0.800. Thus we have 

(
du) = r1 .soo) 1 z)l [j9 .o 13 l ( I.6oz x 1o - 13>l x 
m L ~c 6.023 x 10 23 J 

COS 42.8 . X 3820 , ~ 0 ~ 
4.69 X 10- 3) (3.31) (3.265 X 10-4) 

0 (dO') 
aOf' =f(.olo)

2 + (.oo54)
2 + (.oo94)

2 + 
em 

( . 2 ' ~ 1/2 
.(.0233)

2 
+ \19~) + (.030)

2
j = .041, 

so that(~) ::: 2.13 ± .09 millibarns/steradian, where the absolute value 

is subject to an additional 3.3% error. 

For the observation of the elastic scattering of protons at 8L = 60.1° 

the target angle was 42.'5°. The mean number of doubles below the peak 

was 200 x 64, while the number above the peak was 8.4 x 64. The amount 

of beam incident fo!' these determinations was 1.102 microcoulombs. 
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From the kinematics, 8L = 60.1° corresponds to 8 = 65.7°--G = 0.900. 

Then 
4 

X= 200 (64) = 1.28 X 10 ' 

(¥) = ::1: .0051, 
stat 

(
&X'\ + 0 
x --bkgd = - .021 · 

Subject to an additional absolute error of 1.2o/o, we have 

d<T ern- = 12.0 ~ :~: mb/sterad. 

From these representative data one should not conclude that the 

integral method is more accurate than the differential method. One 

should rather conclude that the elastic data are more accurate than the 

inelastic because of the absence of an underlying continuum in the first 

case. 

To these quantitative errors must be appended several errors whose 

exact magnitudes cannot be estimated. The first of these is due to target 

impurities. As already stated, somewhat less than 1% oxygen contami

nation was present in the target. At forward angles the elastic scattering 

from this oxygen was included unavoidably in the beryllium elastic groups. 

At the more backward angles inelastic scattering from oxygen may have 

interfered with the determination of the inelastic scattering of alpha 

particles from beryllium. For want of a quantitative estimate of the 

errors so introduced, uncertainties from this effect have been neglected. 

Two other sources of error are manifestations of changes in the 

cyclotron operating parameters. Variation of oscillator power can 

change the beam energy- -at low power the energy is somewhat lower 

than at high power. In order to maintain reasonable counting rates at 

the various angles of measurement the beam was adjusted to low inten

sity at .small angles and higher-than-average intensity at large angles. 

These order-of-magnitude changes were, by necessity, made by 

\ 
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adjustment of oscillator power. As a consequence, throughout these 

investigations, the smaller angles were measured at a beam energy 

systematically lower than average while large-angle data were taken at 

higher energies. The total variation of energy in this way may have 

been as much as 0.5 Mev for the 48-Mev alpha particles, with similar 

percentage changes for the other projectiles. Since no information that 

would permit compensation for such an effect is available, no adjust

ments have been made. 

The second uncertainty, also due to variation of the cyclotron 

operating conditions, is that caused by changes in the direction of travel 

of the incident beam. It was observed during alignment that the beam 

position at the target could be shifted by as much as 1/8 in. (equivalent 

to a shift in beam direction of as much as 0.6°) by gross changes in the 

deflector voltage and ion source position. During data taking, however, 

the operating crew never allowed conditions to drift so widely from. those 

under which chamber alignment and beam position measurement had been 

carried out. Such variations would have been most serious in the 
' 

measurement of the alpha-particle cross sections. The self-consistency 

of the structure in these graphs is good evidence that any such effects 

were smalL 
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IV. RESULTS 

A. Proton Bombardments 

0 
The complete charged-particle spectrum was measured at 25 and 

65° in the laboratory frame. The 65° results are shown in Fig. 10. 

Oxygen contamination of the target gives ri'se to the elastic oxygen peak 

labeled I. Peak II consists of protons elastically scattered from Be 9 

Peak V is a deuteron group from the reaction Be 9 (p, d)Be 
8

, where the 

residual nucleus is left in its ground state. Peak VI, at least in part, 

consists of deuterons from the same reaction where Be
8 

is left in its 

broad excited state at 2.9 Mev. Peak IV, part of VI, and the rise.· at 

15 mg/cm
2 

are proton groups corresponding to the levels in Be 9 at 

2.43, 4.8.- and 6.8 Mev. Owing to the presence of the ground-state 

deuteron group V the level at 3.1 Mev could not be verified. The very 

small peak labeled III can be interpreted as corresponding to a level 

in Be 9 at- 1.8 Mev. The maximum range of protons from the three-body 

reaction Be 9(p,np')Be8 is shown by the arrow to the right of peak IV. 

All ranges less than this are kinematically possible. 

Data taken at 25° showed no major differences. The elastic peak 

was, of course, very much larger, thereby preventing the observation 

of the 1 ,8-Mev peak. The 4.8-Mev level did not appear to be so promi

nent; however, this may have been due to masking by a considerable 

increase in the general continuum. The 6.8-Mev level clearly manifested 

itself at this angle where the inelastic proton energy was great enough to 

permit scanning below the peak. 

The group corresponding to elastic scattering was measured by the 

integration method at 5° and 10° intervals from 7° to 167° in the labor

atory frame. In addition, the peak was examined differentially at 

several angles throughout this range. In each case good agreement was 

obtained with the integral data. Where visible, the oxygen elastic peak 

was generally about lo/o of the beryllium peak. The cross sections for 

elastic scattering obtained from this data are shown by the solid points 

of Fig. 1 L The Rutherford cross section is shown by the solid curve, 
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8LAB= 65o 
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Fig. 10. Charged particles from the proton bombardment of beryllium. 
The short leaders along the abscissa indicate the expected positions 
of the peaks corresponding to the final states by which they are 
labeled. The numbers in parentheses are excitation energies. 
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while the ratio to Rutherford scattering is indicated by the dashed curve. 

The data are also listed in Table I. 

The very ·small peak labeled. III in Fig. 10 has been examined in 

detail at four angles from 40° to 90° in.the laboratory system. As 

mentioned, its presence at 25° could not be clearly esta~lished, owing 

to the overwhelming magnitude of the elastic cross section. Poorer 

resolution due to the use of a reflection target at angles beyond. 90° 

precluded the possibility of detecting such a sma~l peak. Nevertheless, 

from the variation of its position with angle over the range mentioned, 

it is clear that it is a proton group from an initial nucleus of mass 9. 

If the peak is treated as evidence of a level in Be 9 , the latter would 

have an excitation energy of 1.83 ± .05 Mev, and a half width of -0.2 Mev. 

The differential cross section for its formation by inelastic proton 

scattering (12 Mev) would be 0.15 ± .06 mb/sterad at e = 71.5°, 0.16 ± 

.08 mb/ste~ad at 97.0°, and 0.09 ± .03 mb/sterad at 55.4°. For com

parison, at the same angles, the cross section for the formation of the 

2.43-Mev level is about 9mb/sterad. 

The region of the differential spectrum in the vicinity of the 2.43-Mev 

inelast·ic protons and of the pickup deuterons was measured at some 

twenty angles from 7° to 167° in the laboratory frame. That the latter 

were deuterons was strongly suggested by the range -angle dependence 

of the position of the group. This identification was conclusively con

firmed by the shape of the Chamber 1 discriminator curve for this peak. 

The differential cross sections for the inelastic scattering and for the 

pickup reaction are ;give.n in Tables II and III and shown in Fig. 12 and 

13. Experimental point~ are shown with their probable errors. The 

significance of the curves is discussed in a later section. The total 

integrated cross section for the reaction Be 9 (p, d)Be 8 is 40 millibarns. 
9 9* For the inelastic scattering Be (p, p')Be (2.43 Mev), the same quantity 

is 111 millibarns. 

Considerable three -body breakup was observed in the proton bom.

bardments. While such a reaction does not manifest itself by the 

presence of a discrete-energy particle group, it can nevertheless be 

studied through the methods outlined in the Appendix. The results of 
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Table I 

Differentfal cross sections and their ratios to Rutherford cross sections 
for the elastic scattering of 12-Mev protons by beryllium 

e dO" /cill (~)/(~)c (degrees) (mb/sterad) 

7.9 7840 :J: 100 0.801 :J: .010 

11.2 2160 :J: 30 0.890 :J: .012 

16.8 876 :J: 11 1.811 :J: .023 

22.3 580 :J: 7 3.69 :J: .045 

27.7 453 :J: 15 6.75 :J: .22 

33.3 310 :J: 3 9.46 :J: .09 

44.2 139 :J: 2 12.63 :J: .16 

55.0 47.3 ~ :~ 9.74 
+ .12 
- .04 

65.7 12.0 :J: .2 4. 71 :J: .08 

70.9 7.18+· 09 3.69 + .05 
- .25 - .13 

73.0 6.53 ~ :~~ 3.72 
+ .05 
- .18 

76.1 6.87 ~ :~~ 4.51 + .05 
- .16 

81.3 8.75 ~ :!i 7.15 + .09 
- .33 

86.4 11.71 ~ : ~~ 11.65 + .15 
- .54 

96.5 16.48 ~ :~~ 23.2 + .2 
- .4 

106.2 18.7 
. + .2 

34.7 + .4 
- .5 .9 

109.0 18.7 :1:.6 37.3 :J: 1. 2 

115.9 16.8 
. + .2 

39.0 + 0.5 
- .4 - 1.0 

125.5 13.4 + .15 38.0 + .5 
- .3 - .9 
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Table I (cont'd) 

e da /dn 
(~Y~)c (degrees) (mb/sterad) 

134.8 9.58 ~ :~~ 31.7 ~ :~ 

144.0 6.43 ~ :~~ 23.9 ~ :~ 

153.1 4.62 ~ :~~ 18.8 ~ :~ 

162.1 3.31 ± .23 14.3 ± 1.0 
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Table II 

Differential cross seCtions for the- inelastic scattering 
(2.43-Mev level) of 12-Mev protons by beryllium. 

e da/dn ____ 

(degrees) (mb/sterad) 

8.0 .. 135+ 2 ·8 
. . - ..• 5 

11.3 15.1 ~ i:; 
13.6 15.0 + .7 

- .6 

20.2 16.5~l:i 
23.7 14.9 ± .6 

28.4 15.7 ± .35 

36.1 15.0 ± .4 

45.3 14.1 ± .35 

53.4 12.9 ± .45 

63.1 11.6 ± .4 

68.5 10.5 ± .2 

80.0 8.70 ± .27 

87.3 7.69 ± .24 

94.9 7.11 ± .24 

103.2 6.84 ~ :~i 
109.9 6.44 ± .21 

116.9 6.28 ± .21 

126.2 5.82 ~ :i~ 
135.5 5.09 ± .18 

144.7 4.50 ± .18 

153.6 4.20±.15 

164.2 4.05 ± .24 
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Table III 

Differential eros s sections for the reaction Be 9(p, d}Be8 at 12 Mev. 

(J du /dn ·· ·· 
(degrees} (mb/sterad} 

8.3 20.5 + 2 · 5 
- .8: 

11.6 20.7 :~:~ 

14.1 21.6 + .9 
- .7 

20.9 19.2 :1: .8 

24.5 15.2 :1: .6 

29.3 11.8 :1: .3 

37.2 7.50 :1:.21 

46.7 4.23 ~ :i~ 

55.0 3.03 : :~~ 

64.9 2.06 : :6~ 
70.4 LS7 :1:: .OS 

82.0 1.28 : :~~ 

89.4 1.42 : :~~ 
97.0 1.58 : :~l' 

105.3 1.36 : :~r 
112.0 1.34 :1: .13 

118.8 I.6o::~~ 
128.0 1.25 : :~~ 
137.1 1.11 : :6~ ' 

146.0 0.92 :1: .13 

154.7 0.91±.14 

164.8 1.52±.55 
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Fig. 13, The difterentia1 cross section for the reaction Be 9 (~, d)Be8 at 
12 Mev. 
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9 8 such an analysis for the reaction Be (p, np 1)Be are shown in Fig. 14. 

The left-hand ordinate gives the differential eros s section for the for

mation of the Be 
8 

ground state and the scattering of the proton through 

an angle e where the available kinetic energy has been shared in such 
.....lllax max 

a way that, in the center-of-mass system,0.90~p' < Ep1 ~ Ep, . 

If the assumption is made that the energy is shared statistically, the 

differential cross section for the scattering of the proton through angle 

e with any energy is given by the right-hand ordinate. Under such an 

assumption the total cross section for the "neutronization" of Be 9 by 

12-Mev protons is 185 millibarns. 

B. Alpha-Particle Bombardments 

The results for 48-Mev alpha particles incident on beryllium are 

given in the following paragraphs. Complete alpha-particle spectra 
0 0 6 0 were taken at laboratory angles of 14.5 , 29.8 , and 2.5 . The results 

for eL = 62.5° are shown in Fig. 15. Data at the other angles were 

essentially the same. Peak I contains alpha particles scattered elasti

cally from beryllium. The second peak corresponds to the 2.43-Mev 

level, while Peaks III and IV correspond to the more highly excited 

states at 6.8 and 11.3 Mev respectively. A small peak arising from 

elastic scattering from oxygen was present but occurs at 123 mg/cm
2 

of absorber and is therefore not shown on the graph. It is apparent that 

identification of weak particle groups corresponding to levels at 1.8 and 

3.1 Mev was precluded owing to insufficent resolution in the presence of 

the near-by intense 2.43-Mev peak. There seems to be no clear evi

dence of the 4.8- and 7. 9 -Mev levels, although conditions for their 

observation were more favorable. If these levels are broad or only 

weakly excited their presence may have been masked by the prevailing 

continuum. No attempt was made to observe protons in these measure

ments. An (a, p) reaction leading to the ground state of B 
12 

would yield 

30 -Mev protons. The absorber changer was not loaded with sufficiently 

thick absorbers to permit the detection of such particles if they existed. 
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ALPHA PARTICLES ON BERYLLIUM 

ELAB = 48.0 Mev 
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Fig. 15. Alpha-particle spectrum from beryllium bombarded with 
48-Mev alpha particles. The short leaders along the abscissa 
indicate the expected positions of particle groups. 



-54-

The spectral region in the vicinity of the elastic and 2.43-Mev 

inelastic peaks was studied in detail at some 35 angles from 7° to 90° 

in the laboratory frame. Measurements beyond 90°, requiring a 

reflection target, were impossible because of insufficient resolution, 

The difference m energy resolution between these alpha-particle 

measurements and the foregoing proton experiments is a consequence 

of the fact that 48-Mev alpha particles have a range only equal to that 

of the 12 -Mev protons. Thus the separation in range of particle groups 

differing in energy by a given amount, i.e., 2.43 Mev, is considerably 

less for alpha particles. Figure 16 shows the differential elastic 

scattering cross section. The experimental points are represented by 

the solid circles. The solid curve was. calculated from the usual 

Rutherford formula and the dashed curve obtained by division of the 

experimental values by the Rutherford cross section. The data are 

tabulated in Table IV. The differential cross section for inelastic 

scattering and the formation of the 2.43-Mev state is shown in Fig. 17 

and listed in Table V. The total cross section for this reaction is 

49.6 millibarns up to e = 120°. If a flat angular dependence at greater 

angles is assumed, the total integrated cross section is 56 millibarns. 

The significance of the solid curve is discussed below. 

As for the proton bombardments, a considerable continuum was 

observed. Since its beginning occurred close to the calculated onset 

of the three -body reaction Be 9 (a., no. ')Be 
8

, it was interpreted in that 

way. Because of the compression of the energy scale already noted, 

application of the analysis discussed in the Appendix may have included 

additional contributions due to the 4.8 -Mev level and three-body reactions 

in which the Be 8 is left in an excited state. Figure 18 shows the data 

with these other reactions assumed to be .negligible. The left-hand 

ordinate gives the differential cross section for the reaction Be 9 (a. na 1)Be
8

, 

'in which the scattered alpha . particle retains most of the energy 
max max 

so that 0.90E 1 < E , < E. , . The right-hand ordinate shows the 
a. -.a. - B 

differential cross section for any scattered alpha-particle energy, 

assuming the division of energy i5 statistical. The slight structure 

visible is probably not real, since it corresponds closely to that observed 
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Table IV 

Differential cross- sections and their ratios to Ruther~ord cross sections 
for the elastic scattering of 48-Mev: alpha particles by berylliam. 

e dulsdn - ~/(~ I e du /dn ~~(~c (deg'rees) (mb sterad) degrees) (mb/sterad) c 

5.5 16800 ± 900 0.565 ± .030 53.0 10 .. 5. :1; •. 35 2.65 ± .09 

7.0 7990 ± 260 0. 709 ± .023 56.5 6. 7.4 ± ;22 2.16±.07 

8.2 6130±270 1.020 ± .045 59.7 5.70 ± .19 2.23 ± .07 

9.5 4120 ± 130 1.238 ± .039 63.2 5.22 ± .18 2.51 ± .09 

10.8 3200 ± 100 1.601 ± .050 66.2 5.16±.17 2.93 ± .10 

13.9 1030 ± 20 1.410 ± .027 69.8' 4.28±.16 2.93±.11 

17.4 168 ± 5.5 0.560 :l: .018 72.9 3.53±.12 2.81±.10 

21.0 28.9 ± .70 0.204 :f;: .049 76.2 2.75 ± .09 2.54 ± .08 

22.7 68.0 ± 2.0 0.650 ± .019 79.2 2.53 ± .09 2.66 ± .10 

24.4 97.8 ± 3.4 1.244 ± .043 82.3 2.24 ± .08 2.68 ± .10 

26.1 117.6 ± 4.1 1.950 ± .068 85.2 1.95 ± .07 2.61 ± .09 

28.2 91.1 ± 2.1 2.045 ± .047 87.5 1.91 ± .07 2.78 ± .10 

31.5 58.9 ±2.1 2.035 ± .072 91.4 1.73 : :8~ 2.90 : :ig 

35.3 11.8 ± .4 0.636 ± .021 94.5 1.30 ± .05 2.41 ± .09 

35.6 10.3 ± .4 0.572 ± ~020 97.3 1.24 ~ :8~ 2.51 ~ jg 

36.8 7.55±.26 0.477 ± .016 100.3 1.13~:8E 2 50 + ·11 
. -' .13 

40.5 11.4 ± .4 1.043 :l: .035 105.7 1.07 + .04 
- .05 2.75~jg 

42.6 14.7 ± .2 1.634 ± .022 111.2 0.99 ~ :8~ 2.92: j6 
46.3 16.5 ±.55 2.52 ± .08 116.2 0.96 ± .11 3.18±.36 

49.8 14 .. 6 ± .5 2.92 ± .10 
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Fig. 17. The differential cross section for the formation of the 2.43-
Mev state of beryllium by inelastic alpha-particle scattering. The 
laboratory energy was 48 Mev. 
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Table V 

Differential cros-s sections-for the "inelastic scattering 
(2 .43 -Mev level) of 48 -Mev alpha particles ·by berylliumo 

du /dn e 
(degrees) (mb/sterad) (degrees) 

d~dD. 
(mb sterad) 

. 
9o3 4301 ~ i~ 60o2 -6.37 ± o24 

9.5 39.6 ~ f~ 63.8 4.52 ± .18-

10.9 46.9 ± 14 67.0 3.23 ± .13 

13.9 4608 ± 2.2 70.4 3.06±.13 

17.4 41.5±1.7 73.5 3.43 ± .13 

21.2 2600 ± .7 77.0 4.19 ± .15 

24.8 10.3 ± .5 80.0 3052 ± .13 

26.6 5.12 ± .39 83.3 3.35 ± .13 

28.7 2.06 ± .15 86.4 2.67 ± .07 

32.0 4.05 ± .25 89.5 2.27 ± .06 

35.8 7.25±.20 92.5 2.10 ± .09 

37.1 7.42±.31 95.5 2.13 ± .09 

40.7 4.78 ± .22 98.5 2.10 ± .09 

43.0 3.24±.10 101.4 1.96 ±.10 

46.8 1.69±.19 104.1 1.73±.09 

50.3 3.38 ± .20 106.9 1.34 ± .07 . 
53.7 5.46 ± .22 112.1 1.49±.10 

57.1 6.71 ± .25 117.2 1.86±.15 
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in the cross section for the formation of the 2.43-Mev state. Thus it 

probably has its origin in slightly incorrect treatment of the experi

mental data. 

C. Deuteron Bombardments 

The same beryllium target was bombarded with 24-Mev deuterons 

and the charged-particle spectra studied as before. Because of the 

neutron hazard the time for these experiments was considerably cur

tailed. As a consequence, the data are not so complete nor so well 

established. The same neutron problem also, of course, compounded 

the difficulties in making the observations. At all angles substantial 

charged-particle backgrounds were observed, both with the target in 

and target out. . Since a large part of this background was initiated by 

neutrons originating inside the cyclotron itself, its magnitude depended 

on the internal circulating beam as well as on the much smaller and 

measured external beam. This made reproducibility of results a 

problem. 

A partial charged-particle spectrum was taken at one angle only, 

namely 25.6°in the laboratory fram.e. This is shown in Fig. 19. The 

relatively high-level background, even under the elastic Peak I, is 

apparent. The second peak shows the strongly excited 2.43 -Mev level, 

while .Peak V corresponds to the 6.8-Mev excited state. The slight 

bump, or more accurately the plateau, labeled IV is presumed to be due 

to the 4.8 -Mev leveL· The origin of Peak Ill is not so clearly under

stood. As can be seen from the notation along the abscissa of the graph, 

its position corresponds closely to that projected for an inelastic deuteron 

group from the 3.1-Mev level in Be 9. However, it is also not far from 

the expectedposition of a possible triton group corresponding to a 

residual Be 
8 

nucleus in its 2. 9 -Mev excited state. Although at this 

angle no peak appears corresponding to ground-state tritons, a slight 

peak in just this position was visible at 30° though it was not evident 

at other angles. It seems possible, therefore, that the (d, t) reaction does 
36 

occur, as has been found at other energies. The peak labeled III 
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Fig. 19. Charged particles from the deuteron bombardment of 
beryllium. The short leaders along the abscissa indicate the 
expected positions of the peaks corresponding to the final nuclear 
states by which they are labeled. 
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was visible at 30°, 25°, and 15°. If it were a triton group, however, it 

might have been expected to be less prominent than the ground-state 

group. For this reason, interpretation as a deuteron group and evidence 

for the 3.1-Mev level are more likely. It was not possible to confirm 

this identification by discrimination in Chamber 1 of. the detector owing, 

firstly, t0 the weakness of the group and, secondly, to the background 

consisting mainly of protons. 

A weak 1.8-Mev ''l.evel'r would doubtless not have been visible, owing 

to this same proton background. In fact, as can be seen from the figure, 

the onset of the (d, nd 1
) reaction is masked by the same effect. Not 

shown on Fig. 19 are points taken with very thick absorbers in an effort 

to identify possible proton grou~s from the reaction :Se 9 (d, p)Be 
10

. 

Evidence for such groups was not found. The background that persisted 

even at these absorber values (950 mg/cm
2 

for -27 .5-Mev protons) might 

well, however, have masked weak monoenergetic particle groups. 

The elastic differential cross section was measured, 'partly by 

differential scanning, partly by integral means, at laboratory angles 

ranging from 7° to 167°. These results are listed in Table VI and shown 

by the solid circles of Fig. 20. The solid curve represents classical 

Rutherford scattering and the da,shed curve indicates the ratio to Ruther

ford scattering calculated from the observed data. 

The peak corresponding to the 2.43-Mev state was .scanned at 
0 . 0 

laboratory angles ranging from 15 to 150 . The resulting inelastic 

eros s section is shown in Fig. 21, where the points are the experimental 

data. The curve, derived from theory, is discussed below. A tabulation 

of the data may be found in Table VII. Measurement of the cross section 

at more forward angles was impossible, because of the high-level back

ground and the large elastic eros s section. This swamping may be 

taken as evidence that the inelastic cross section does not increase for 

e < 15°. The total integrated cross section, whic~ is rather insensitive 

to the behavior at small angles, is 44.0 millibarns. 

Analysis of the continuum was not pas sible in this case as it was for 

the proton and alpha -particle bombardments. In addition to the neutron

initiated background, other multi body processes Be 9 (d, pn}Be 9 and 

Be 9 (d, p2n)Be 8 can compete with the analagous Be 9 (d, nd 1)Be
8 

reaction. 
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Table VI 

bifferentfal cross- sections and their ratios to Rutherford scattering 
for the elastic scattering of 24-Mev deuterons by beryllium 

() • dcr/dn (~~/(~fi; - e dcr /dn ~~(~ (degrees) (mb/ sterad) degrees)(rnb/ sterad) 
' c c 

l 

9.3 2900 ± 80 1.55 ± .04 77A 5.05 ± .27 9.54 ± .51 

12.9 1650 ± 70 3.27 ± .14 82.8 4.59 ± .25 10.82 ± .59 

19.0 613 ± 20 5.63 ± .18 '93.3 2.68 ± .15 9.25 ±.52 
-

22.2 '317±10 5.39 ± .17 102.3 1.57 ± .10 7.13±.45 

25.1 150 ± 10 4.11 ± .27 103.5 1.47 ± .09 6.90 ± .42 

28.1 38.8 ±'2-.3 1.67±.10 112.1 1.13±.08 6.60 ± .47 

31.1 9.12±.50 0.582 ± .032 121.5 1.12±.08 8.02 ±.57 

34.1 7.26 ± 1.3 0.66±.12 130.6 1.07 ± .07 9.02 ±.59 

37.1 12.3 ± 0.4 1.56 ± .05 139.4 0.83 ± .06 7.94±.57 

43.1 26.6 ± 1.3 6 . .00 ± .29 145.7 0.56 ± .05 5.76 ±.51 

49.0 22.5 ± 0.7 8.21 ± .26 151.9 0.43 ± .04 4. 71 ± .44 

54.8 14.2 ± 0.4 7.86±.24 T57 .9 0.49 ± .05 5.64 ±.57 

60.6 7.29 ± 0.38 5.85 ± .30 163.9 0.71 ± .. 06 8A5 ± .71 

66.2 4.15 ± 0.44 4.56 ± .48 169.8 0.95 ± .13 11.6 ± 1.6 

71.8 5.04 ± 0.28 7.36±.41 
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Fig. 20. The differential cross section for elastic deuteron scattering 
by beryllium at a laboratory energy. of 24 Mev. Except where shown, 
experimental errors are smaller than the size of the points. 
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Fig. 21. The differential cross section for the formation of the 2.43-Mev 
state of beryllium by inelastic deuteron scattering. The laboratory 
energy was 24 Mev. 
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Table VII 

Differential cross sections for the inelastic scattering 
(2.43-Mev level) .of 24-Mev deuterons by beryllium. 

e dcr /<ill · 
(degrees) (rnb/sterad) 

19.3 8 .1.9 ± 1.2. 

25.3 11.08±.74 

31.4 12.5 ± .65 

37.6 9.00 ± .36 

43.6 6.08 ± .33 

46.6 5.57 ± .39 

49.5 5.21 ± .27 

55.4 5.39 ± .24 

58.3 5.78 ± .36 

61.2 5.75 ± .24 

66.9 5.27 ± .33 

72.6 4.02 ± .21 

83.5 2.93 ± .16 

94.2 2.31 ± .15 

103.8 1.83 ± .10 

113.0 1.48 ± .15 

120.1 1.28±.14 

126.9 1.02 ± .12 

140.0 0.75 ± .11 

156.4 0.74 ± .12 
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V. DISCUSSION 

The data have been reviewed in .. order according to the initiating 
\ 

projectile. In this section data of the same type are discussed together 

in order to emphasize similarities and differences. Accordingly, there 

are six subheadings. 

A. Elastic Scattering 

The scattering of a charged particle by a point charge has long been 

understood, the differential cross section being given by the Rutherford 

formula 

(
do:\ (z z e

2
) 

2 
4 e 

diT")c = 4 E ' esc 2 ' 

where Ze is the charge of the scattering center, 

ze is the charge Of the scattered particle, 

E is the tenter-of-mass approach energy, and 

() ;is the center -of -mass angle of scattering. 

The derivation of this formula requires only the assumption that the force 

between the particles is Zze
2 
/r

2
. 

The elastic scattering of protons, deuterOtl.S, and alpha particles 

from a nutlells deviates from this expression for two reasons: 

(a) Because of the finite size of the charge distribution in the nucleus, 

the l/r
2 

-dependence of the Coulomb force breaks down if the 

bombarding particle penetrates the nucleus. 

(b) Non-Coulombic forces, namely nucleon-nucleon interaction, 

are present. Since these forces are of short range, deviations 

from the Rutherford formula are to be expected once again only 

if the bombarding particle comes close to the nucleus. 

A study of these deviations from pure Coulomb scattering can therefore 

shed light on the size of the nucleus and on the nature of nuclear forces. 

The results of dividing the observed data by the Rutherford cross 

sections are given in Figs. 11, 16, and 20 and in Tables 1, IV, and VI. 

Interference effects are prominent. Except at small angles, correspond

ing to large distances of closest approach, absolute values of the scat

tering eros s sections exceed those computed from the formula. 
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One of the simplest ways to interpret elastic scattering data is to 

assume
37 

that the nucleus is opaque to particles which in a classical 

picture would hit the nucleus. Particles that "miss" the nucleus are 

assumed to proceed without interaction (other than Coulomb, that is). 

Such a picture is, of course, the more valid the greater the observed 

ratio to Rutherford scattering. Under these assumptions the problem 

is reduced to that of Fraunhofer diffraction* from a circular disk and 

the angular distribution is proportional to 

e z 

[ 
J 1 ( 2k R sin '! )J 

e , 
2kR sin Z 

where J 1 (x) is the regular Bessel function of first order, 

k is the center -of -mass wave number of the incident particle, 

e is the center -of-mass angle of scattering, and 

R is the radius of interaction (L e. , the sum of the effective radii 

of the nucleus and incident particle). 

Roughly speaking, successive maxima or minima of this function are 

separated by Tr. This leads to the criterion that for adjacent maxima 

or minima 2k:R ~sin~ = Tr. Table VIII lists the angles at which maxima 

or minima were found and the values of R calculated from the above 

formula for each of the three elastic scattering processes oqserved. 

It is apparent that such a rough explanation of the origin of the inter

ference effects is not completely .adequate. The positions .,of the maxima 

and minima and their heights and depths do not follow such a simple 

law. 

>'.< In a more exact calculation, where it is remembered that the nucleus . . . . . . th (2kR sin%g 2, 1s spher1cal, not c1rcular, the express1on obta1ned 1s . . e. . 
ZkR sin -'-

Since the maxima and minima of this quantity are similarly 2 

separated by approximately Tr, the determination of the interaction 

radii is unchanged. 

/ J 
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Table VIII 

Interaction radii obtained by diffraction analysis of 
elastic scattering 

Position of feature R X 10
13 

MeanR x 10 
(degrees) (em) (em) 

Maxima Minima 

8 ± 1 

4.4 ± 0.1 

72 ± 1 

·4.6±0.1 

45 ± 2 

4.8 ± 0.2 

117±2 

12.2 ± 1.0 

I 5.2 ± 0.4 
29.0 ± 1.0 

4.4 ± 0.3 
49.5 ± 1.0 

5.3 ± 0.4 
68 ± 1 

5.0 ± 0.4 
) 

90 ± 2 
4.9 ± 0.2 

20.0 ± 0.5 
5.2 ± 0.2 

37.0 ± 0.5 . 
4.5 ± 0.3 

57.5 ± 1 
4.6 ± 0.4 

80 ± 2 

20.5 ± 1.0 
5.0 ± 0.2 

51 ± 1 
5.3 ± 0.3 

84 ± 2 
5.2 ± 0.3 

131 ± 3 
5.0 ±0.1 

32.5 ± 1.0 
4.8 ± 0.2 

65.5 ± 1.0 
4.6 ± 0.2 

109 ± 2 
4.9 ± 0.2 

152 ± 1 

13 

' 

-
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-13 6 1/3 -13 . . 
A single value rBe = 3.4 x 10 = L 4 A x 10 em 1s obtamed 

from these interaction radii if it is assumed that r- = 1.2 x l0-
13 

em, 

r = 1.5 x 10 -l3 em, and r = -1.6 x 10- 13 em. Th~ proton radius is quite 
a d 

reasonable. While the free-space radius of the alpha particle
38 

is no 
-13 

doubt nearer 2.3 x 10 -- em, a smaller value is in line with that gener-

ally found when the alpha particle is in the Coulomb field of the nucleus. 

The electrostatic repulsive force exceeds the internuclear attractive 

force until there is considerable overlap. Blatt and Weisskopf, 
39 

for 

example, choose the effective radius of the alpha particle to be 1.2 x 
-13 40 

JO ern, Elastic scattering experiments by Igo, Wegner, and Eisberg 

at 40 Mev yielded an effective alpha-particle radius of (1.60 ± .23) x 

10- 13 em. The fact that the deuteron radius 
41 

above is considerably 
- -13 

smaller than the so-called "radius of the deuteron," 4.4 x 10 em; 

is not surprising. If a collision took place at a time when the neutron 

and proton were widely separated and outside the range of their forces, 

scattering of the deuteron as a whole would not be expected. An effective 
- - 41 -13 

deuteron radius less than the range of forces, 2.1 x 10 em, should 

be anticipated. If the beryllium radius seems large, recall that because 

of the very low binding energy in beryilium a large amount of the wave 

function is able to leak out of the potential well. Radii derived from 

mirror nucleus considerations or from the scattering of electrons are 

normal, since such experiments measure the charge distribution only. 

The above analysis has been based on a rather rough postulate, 

namely total absorption of particles incident on the nucleus itself. For 

a nucleus as small as beryllium this is hardly justified. Furthermore, 

the model does not allow for a fuzzy nuclear edge, a region of smooth 

variation from no nuclear matter to the maximum nuclear density. A 

model that seeks to be more realistic is due to Woods and Saxon. 
42 

These authors assume a four-parameter nucleon-nucleus interaction of 

the form 

V + iW 

I 

/ 
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They give the Coulomb force the correct form for a homogeneously 

charged sphere of radius ~0 • namely 

ze
2 

~ r

2
) V c (r) = '"'Z'""'R: 3 -- -:-z- r < R 0 o R 0 

Ze
2 

= -r- r >RO. 

Here V and W are the real and imaginary parts of the nuclear potential, 

which is given the shape of a rounded aquare well by the form factor in 

the denominator .. The term RO is the "radius11 of the well, while a is 

a measure of the diffuseness of the edge. Different charge and nuclear

potential radii make little difference in the calculated scattering distri

butions. 

This model has proved to be quite successful in the analysis 
43 

of 

the scattering of 14-Mev neutrons and 5.25 -Mev, 17 -Mev, and 31.5-

Mev protons. The calculation involves the ~ystematic variation of the 

four parameters, with the aid of an electronic computer, until best fit 

for an elastic cross section is obtained. Such fits are usually fairly 
0 good out to angles of the order of 120 . The noteworthy fact about this· 

model is that the values of the parameters so found are virtually inde-
1/3 pendent of A (except for the expected A dependence of R

0 
), and 

show a smooth variation with nucleon bombarding energy. There seem 

to be no essential differences between the values found for neutrons and 
. 1/3 -13 protons. The values found for R

0 
and a are (1.33 ± .03) A x 10 em 

-13 
and (0.49 ± .02) x 10 em respectively. These parameters are energy-

irxlependent. The values of V and W are listed in Table IX. 

Table IX 

Energy dependence of the diffuse -surface optical model parameters 

Nucleon energy 
(Mev) 

5.25 
14 (neutrons) 
17 
31.5 

Real potential 
(Mev) 

52.5 
-47 

47 ± 1 
36 ± l 

Imaginary potential 
(Mev) 

0.9 
-s 
8.5 ± 0.5 

15.5 ± 0.5 
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Calculations similar to the above have not yet been carried out on 

the data presented here. The proton data have been incorporated with 

h lt f "d f 1 . . . 44 h" h . b t e resu s o a w1 e survey o proton e astlc scatter1ng, w 1c 1s e-

ing carried out at this laboratory. Arrangements have been made to 

have this complete survey analyzed in terms of the optical model._ 

Unfortunately this analysis is awaiting further measurements on a few 

more elements. It is hoped that a similar survey and analysis will 

soon be undertaken for elastic deuteron and alpha-particle scattering. 

In the latter case, data available at 48 Mev already include the elements 

C, and Mg, 
33 

and Ag, Au, and Pb
32 

in addition to Be reported here. 

B. The (p, d) Reaction 

The theory of (d, p) reactions at intermediate energies was first 
25 

treated successfully by Butler. Since that time the original assumptions 

of no Coulomb effects and of no nuclear interaction between the proton 
45 

and the nucleus have been relaxed. Unfortunately these more realistic 

theories involve very lengthy numerical calculations. 

Butler's formula for the differential cross section at angle 8 may 
' 46 

be written 

where 

.....:. 

(kR \ 
+ B£ \21 +0 1) 

~ kd 
G ( lk - ---:I ) is the probability of finding the proton within 

' p L. 

.the deuteron with momentum 4 instead of the mean mo-
~ ' p ' 

mentum (1 /~ hkd , . 
.....::. .....:. • . 2 . 2 e 

k =I kd - k. 1 = (kd - k ) + 4kdk sm T , 
p p p ' 

_,_ 
hkd is the momentum of 'the incident deuteron, 
~ 

hk is the momentum of the observed .proton, p ,. 

R
0 

is the radius_ of interaction, 

£11 is the angular momentum of the captured neutron, 

A
1 

and B £are angularly independent constants, and 

j.t is the regular spherical Bessel function of order 1. 
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The terms within the summation give essentially the probability that 
~ ~ 

the neutron traveling with momentum hkd - hkp be found at the surface 

of the nucleus in a stat~ of angular momentum J.. with respect to that 

nucleus. The second term, which is simply the derivative of the 

spherical Bessel function, arises from the requirement that in the 

matching of wave functions at a boundary both magnitudes and derivatives 

must be equal. Conservation of angular momentum and parity leads to 

the selection rules 

> J. 
and lff 1t. = ( -1) . 

min 1 
· 

Generally speaking, the lowest allowed J. value predominates. Thus 

the position of the first maximum of the differential cross section 

permits a determination of the final-state properties so far as the se

lection rules allow. 

·By detailed balance, all of the above considerations apply equally 

well to deuteron pickup reactions. Figure 13 shows the theoretical 

cross section (normalized for best fit in the region form 10° to 30°) 

for the reaction Be 9 (p, d)Be 8 at 12 Mev. The values of the parameters 
-13 . 

used are J. = l and R
0 

= 4.50x 10 em. Poorer fits of the observed 

shape for other J.. values required inordinately small or large radii of 

interaction. The value J. = 1 is in agreement with the already known 

initial and final spins and parities. Of more interest is the value of 

R
0

. It compares favorably with that found !rom elastic proton scatter

ing. Further remarks are deferred to a later subse.ction. 

C. The 2.43 -Mev State 

The differential cross sections for the three inelastic scattering 

reactions (p, p '), (a., a.'), and (d, d ') leading to the 2.43-Mev excited 

state of Be 9 have been determined. All three curves show pronounced 

maxima in or near the forward direction and were analyzed by using 

direct-interaction theories. 
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Because of the unlikelihood of the emission of a deuteron from a 

compound nucleus the (d, d') reaction probably occurs predominantly by 
47 

surface interaction. According to Huby and Newns, under such an 

assumption the differential eros s section will have an angular dependence 

given by 

dcr 
d!i 

..., [4a. t -1 G J 2 
\' A2 G an 4a ~ J. 

where G is the change in momentum of the deuteron during the inter-

action and is given by the quantity [(k-k')
2 

+4kk' sin
2 ~J l/

2
, 

k is center-of-mass wave number of the incident deuteron, 

k 1 is the center-of-mass wave number of the scattered deuteron, 

e is the center-of-mass scattering angle, 

a. is a constant of the deuteron wave function, which was taken as 
1 -a.r · th · · d h · 1 11 - e 1n e reg1on· outs1 e t e potent1a we , 
r 

a is the interaction radius, 

A
1 

are nuclear matrix elements and are independent of angle, 

j
1

(x) is the regular spherical Bessel function of order £, and 

J.il is the orbital angular momentum transferred to the nucleus 

during the collision. 

Since the form factor in the square brackets decreases monotonically 

with increasing angle, the peaks of higher J. valuesare suppressed. 

Similarity to the stripping-reaction distribution is apparent. 

Selection rules* that apply in this process are 

i. 
and TT. nf = ( - 1 ) . 

1 . 

The possibility of spin flip is not .present, since the flip of only one 

member of the deuteron would result in its breakup and consequent 

loss from the (d, d') reaction. The flip of both nucle.ons can· occur 

>:< These differ from the selection rules of Huby and Newns for the 

d b . 1 1 48 . h reason suggeste a ove. Exper1menta resu ts 1n cases w ere 

initial and final spins are known do not require the extra freedom 1n 

angular -momentum transfer granted by spin flip. 
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only in higher order as long as one confines the discussion to two -body 

forces. Multibody forces are likely to be important only for closer 

collisions. Such collisions would tend once again to break up the loosely 

bound deuteron. 
-13 

Figure 21 shows the theoretical curve for J. = 2 and a = 5.60 x 10 em. 

The first peak fits the experimental data well. The second, while agreeing 

in position with the second experimental peak, is several times too small. 

The addition of an equal amount of the term in J. = 4 (not shown) gives 

close agreement with experiment out to an angle of 70°. Whether such 

close agreement is to be expected from the theory is not clear. Certain

ly, in this type of reaction, compound-nucleus effects should be mini-
-13 

mized. If a = 3.40 x 10 em is used, the theoretical curve for J. = 1 

can reproduce the first maximum, but the second,then falls at e = 95°. 
1/3 Such a small value for the interaction radius a = r 

0 
A + r d makes 

this interpretation highly unlikely. 

Taking J. = 2* and the spin-parity of the Be 9 ground state, we find 

that application of the selection rules lead·s to the assignment 1/2, 3/2, 

5/2, or 7/2, all odd parity, for the 2.43-Mev state. The absence of 

an J. = 0 fit (if allowed, this transition should have dominated) eliminates 

the possibility of 3/2. 
26 . 

Austern, Butler, and McManus developed, and more recently 

Satchler 49 has reformulated, a theory of direct interaction applicable 

to (n, p); (n, n'). and (p, p') reactions. The differential cross section 

has the form 

do
dn 

A
2 .2 
J. J 1 ( Ga). 

where the quantities are the same (except for the obvious transliteration) 

as those defined above. Of course the matrix elements involved will 

have different values. No form factor is pre sent, since the incident 

* For J. = 2 and,£ = 4 combined, the final-state assignment is 5/2 or 

7/2, both odd parity. 
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and scattered particles do not have an internal structure; that is, all of 

the particle takes part in the collision. While the original authors 

required the assumption that nucleon:.nucleon cross sections are iso

tropic and independent of energy, the only basic assumption of the 
33 

reformulation is that of zero-range forces. Recently, Vaughn has 

found that this theory correctly predicts the positions of the sharp 

maxima and minima that were observed in the differential eros s sections 

for the inelastic scattering of alpha particles from magnesium and 

carbon. Because its components are so strongly bound together, the 

alpha particle probably acts as much like a billiard ball at moder'ate 

energies as any single nucleon does. 

Application of this theo.ry to the inelastic (2.43-Mev state) alpha

particle scattering from beryllium is shown in Fig. 17. The curve has 
. -13 

been drawn for I. = 2 and a = 5 .iO x 10 em. In this case the value 

of the interaction radius was chosen to yield the best fit of the positions 

of the minima at 29° and 47°. Except for the measurements for () < 15°, 

which are subject to large errors, the agreement between theory and 

exper1ment is remarkable. The best fit for I. = 1 requires a = 4.63 

x l0- 13 em. While this value of the interaction radius could be accepted, 

this theoretical curve fits the width of the first maximum very poorly 

and places the higher-order maxima and minima at too large angles. 

Since the alpha particle has no intrinsic spin, the selection rules 

applicable for this case are the same as those set down above, namely, 

For J. = 2 and J. = 3/2 -, the spin assignment for the 2A3-Mev state 
1 

is again 1/2, 5/2, or 7/2, all odd parity: The possibility of 3f.'2 is 

eliminated because of the absence of a predominating I. = 0 distribution. 

Figure 12 shows the observed results for the formation of this same 

level.by inelastic proton scattering. Their interpretation by direct 

interaction, theory is not immediately apparent. The greatly reduced 

ratio of the maximum to the minimum cross section indicates that a:. 

not negligible amount of the excitation takes place via compound-nucleus 
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formation. In that regard these results are in agreement with other 

' 1 t' . d 50 h 1 b Th 1ne as 1c proton-scatter1ng ata at t e same a oratory energy. e 

data 
16 

for the inelastic scattering of 31.3 -Mev protons from beryllium 

strongly suggest that direct interaction accounts for most of the cross 

section at that energy. Consequently, an explanation for the 12-Mev 

data presented here will be sought in a combination of the compound

nucleus and direct-interaction theories. In fact, there is no fixed line 

of demarcation between a fringe interaction and a process in which the 

initial nucleon is absorbed into a compound nucleus that reaches thermal 

equilibrium before decay. Nevertheless, for want of any other more 

realistic theory, the differential cross section is written 

dCJ - fdCJ\ + (dCJ) 
diT - \.em )CN dff ABM " 

No interference term is present, since fringe interaction is instantaneous, 

while re-emission by the compound nucleus follows the initial absorption 

only .after a lapse of time that is long compared with the time for a 

nucleon to cross the nucleus" 

According to compound-nucleus theory, if the react~on proceeds 

through only one level of the intermediate state the cross section is 

necessarily symmetric about 90° in the center-of-mass frame. A 

similar result is obtained if a statistically large number of compound 

states is involved so that the phases of the various contributing waves. 

average out. If only a few compound levels contribute, not all with the 

same parity, then this condition about symmetry is removed. 

For 12-Mev protons incident on Be 9 the compound nucleus B 
10 

would have an excitation of 17.4 Mev. Unfortunately no data are avail

able at these excitations for B ~O. As a crude estimate, the number of 

states presently known in C 
12 

at this level of excitation is about three 

levels per Mev. Presumably a nucleus like B
10

, which does not have 

the possibility of alpha-particle substructure, may have, say, five 
. i 

times as many" Thus the level separation may be 50 or 100 kevo 

Application of the statistical level-density formula 
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w (E)= Ce zVaE 

is definitely questionable. Nevertheless, using extrapolated values of 

the constants for odd-A nuclei, one finds a level density of the same 

magnitude. 

Information regarding level widths is also lacking. From the 

statistical theory, we have 

r . :::: T n. 2~, where T n. is the transmission factor for a particle 
1 xl n xl 

i with angular momentum i. crossing the nuclear boundary, 

and D is the average level spacing. 

For energies as high above the threshold for neutron emission as are 

here being considered, . T n - 1 for J. < 2 and drops off sharply for 
xn -

higher angular momenta" The partial widths for charged-particle 

emission are small by comparison" The total level widths are therefore 

perhaps of the order of the level spacing" Consequently, the coherent 

excitation of a large number of states is unquestionably impossible" On 

the other hand, the excitation of a single level is by no means as sure d. 

There is a reasonable possibility, therefore, that the compound-nucleus 

cross section, tinder these conditions, is not symmetric with respect 

to 90°. 

In a classical picture partial waves with i. > 2 cannot strike the 

nucleus" Since the combined Coulomb-centrifugal barrier height exceeds 

the incident proton energy for i. :::_ 2, one might expect the major part 

of the absorption to be s and p waves only" By a theorem on the 

angular distributions of nuclear reactions, 
51 

if a cross section of the 

form ~~ = ~ An cosne is assumed, the highest value of n allowed 

would be 2 ( 4 if d waves take part)" A rough fit of the experimental 
4 curve can be made by using terms up to cos e" There is a possibility, 

therefore, that the entire observed cross section is due to compoun.d

nucleus formation" 

On the other hand, the shape of the eros s section for e > 90° strongly 

suggests a form no more complicated than 

du 2 
CIIT = A 0 + A 2 cos e. 
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The dot-dash curve of Fig. 12 is plotted for A
0 

= 6.4 and A
2 

= -2.7. On 

this basis the cross section still to be accounted for is strongly peaked 

in the .forward diredl.'on. 

A fit of this residual cross section with a single .J. value of the 

ABM theory is impossible .. The forward peak is too broad to be fitted 

with J. = 1. Furthermore, to be consistent. with the results derived 

from the deuteron and alpha-particle scattering, only even J. values are 

allowable. Since the proton has spin 1/2, which is free to be flipped 

during interaction, the ABM theory for inelastic proton scattering has 

two selection rules, 

~ ___) ~I 
J · + Jf. + 1 > 1 > I J · + Jf + 1 · • 1 . - 1 m1n 

and 

according to whether spin flip occurs or does not. The parity rule 

remains the same in both cases, TT i TI f = ( -1 )1 . In the discussion of the 

two other direct interactions considered it was stated that the J. = 0 

transition would dominate if permitted. The possibility presents itself 

here, however, that a transition requiring spin flip of the incident 

particle may be considerably suppressed. Thus an J. = 0 transition 

with spin flip could be comparable in magnitude to or weaker than a 

higher -order transition (here J. = 2) not involving spin flip. 

Before we attempt to fit the residual proton cross section using a 

mixture of J. = 0 and J. = 2 components, we present some remarks that 

permit an estimate of a most probable radius of interaction. Elastic a.

particle scattering led to a value for the interaction radius ~f 4.9 x 10-
13

cm. 

On the other hand the best fit of the inelastic data yielded 5.4 x lo- 13
c!Tl. 

. . -13 
Values obtained from the deuteron data were 5.0 x 10 em and 

5.6 x 10-
13 

em for the elastic and inelastic scattering respectively. 

Conclusive evidence* that these differences are real is still lack

ing. The trend towards larger radii for inelastic events is, 

•:< The alpha-particle data of Vaughn33 show the same effect. 
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however, understandable, because these presumably result from 

collisions between the incident particle and the inere "tail." of the , 

nuclear wave function. The diffraction pattern of elastic scattering, 

on the other hand, has its origin in the loss from the incident beam of 

those particles absorbed into a compound nucleus. On this basis,· then, 

since the interaction ra!dius for elastic proton scattering was 4.6 x 10 -l
3 

-13 em, an inelastic value near 5.0 x 10 em might be expected. 

The curves shown in Fig. 12 have been .calculated from the ABM 

theory for P. = 0 and P. = 2 with interaction radii 4.5 x 10 -l3 and 
-13 5.5 x 10 . em. While no· quantitative fit is possible, it would appear 

that an P.. = 0 contribution is present. In a more realistic mode1
26 

of 

surface interaction, in which that part of the incident wave which strikes 

the core of the nucleus is absorbed (and therefore lost to the direct 

interaction process), the forward minima of I. > 0 transitions are more 

shallow. Since the theory loses its closed form under such conditions, 

exact calculations were not attempted. There is no doubt that such an 

alteration could permit agreement between the observed differential 

cross section and the combined compound nucleus plus I. = 0 direct-
' 

interaction plus P. = 2 direct-interaction theory. Of course the number 

of disposable parameters is large. 

In summary, the inelastic proton cross section can probably be 

explained 

(a) as entirely due to compound-nucleus formation, provided at least 

two levels with different parity and J 2:, 2 are involved, or 

(b) as partially due to a more simple compound-nucleus distribution 

along with a mixed direct -interaction process in which the angular 

momentum absorbed from the scattered protons is both 0 and 2. 

If the second alternative is correct, application of the selection rules 

implies that Jf = 1/2, 3/2, or 5/2, all with odd parity. 

As pointed out in an earlier section, measurements on the reaction 

B ~O (n, d)Be 9* by Ribe and Seagrave 20 indicated that the spin-parity of 

the 2.43-Mev state is 3/2, 5/2, 7/2, or 9/2, all odd parity. The only 

assignment consistent with these results and the alpha-particle, deuteron, 

and proton data herein reported is 5/2 -. (If the proton data are explained 
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wholly by compound-nucleus formation, then 7/2 - is also possible.) 

The most recent calculations 3 of the intermediate coupling model for 

beryllium do, indeed, predict that result. 

The interpretation of the 31. 3-Mev inelastic proton-scattering data 
16 

can be altered to agree with this assignment. The authors obtained a 
-13 

best fit with the ABM theory for J. = 1 and a = 2.80 x 10 em. A 
-13 

poorer fit, they report, is possible for J. = 2 and a = 4.15 x 10 em. 

By virtue of their semilogarithmic plot of the data, the values of the 

parameters chosen were unduly influenced by near minimum cross 

sections. When allowance is made for the reduction of the depth of the 

forward minimum due to the absorption of part of the incident wave and 

for a weak J. = 0 transition, a reasonable fit of their data is possible 
-13 

for £ = 2 and a radius of interaction as large as 4.5 x 10 em. Such 

a value of a would be in better agreement with the effective radius, 
-13 

4.0 x 10 em, which they found from elastic scattering. Of course, 

P. = 2 allows the assignment 5/2 - . 

As stated, the assignment for this level is in accord with the inter

mediate -coupling shell-model prediction. The alpha-particle model
1 

. 23 9 24 
gives the same result. The observed w1dth ' and mode of decay 

of the state are also satisfied. Since gamma-ray de-excitation from 

5/2 to 3/2 without change in parity must proceed by magnetic dipole 

radiation, the radiation width is of the order of 1 electron volt. Decay 
8 

by neutron emission to the ground state of.Be requires the neutron to 

carry off three units of orbital angular momentum. A rough calculation 

for the probability of this process gives a partial width of about 1 kev. 

D. Other Levels 

Data have been presented which- show-that a ievel of Be 9 may exist 

at .1.8 Mev excitation. It has been pointed out, however, that the 

presence of peaks such as that shown in Fig. 10 may be a result of 

special effects which cause the three-body reaction Be 9(x,nx')Be
8 

to 

preferentially emit near-maximum-energy charged particles x'. A 

more detailed discussion of this phenomenon is given in the next 
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subsection. Present numerical analysis of the intermediate -coupling 

shell model
3 

favors 1/2 - for this ·state. If this were the case, the 

level would decay predominantly by neutron emission, with a lifetime 
. -21 

of the order of 10 second. That is, the level width would be of the 

order of l Mev. The observed "level" fits such a prediction. Un

fortunately, if the prediction is correct, co·nclusive proof of the existence 

of the level by detection of a 1.8 -Mev gamma ray will be impossible. 

The outstanding facts so far known about this rrlevelrr concern its 

formation. The cross section for formation by 12-Mev proton scatter

ing in the angular interval 55° < e < 97° is only 100 microbarns/ 

steradian, That is, its formation cross section is l/75 that for the 

2.43-Mev level. Its apparent absence in the inelastic alpha particle 

and deuteron measurements, indicates that the eros s section .for its 

formation in these reactions is at least as low as 1/2 millib~nn/ 

steradian. One must conclude either tha,t the eros s sections are near 

minima at all angles at-which it was searched for or that the cross 

sections are simply small. On the other hand, in the reaction 
.7 3 9* L1 (He , p)Be the 2.43-Mev and the 1.8-Mev peaks are of comparable 

magnitude. 
7 

Unfortunately, absolute values were not determined in 

this work. It is impossible to say, therefore, whether the formation of 

the 1.8 -Mev "level" is up, or whether the formation of the 2.43-Mev 

level is down. In any case it is clear that this "level" possesses 

properties different from the 2.4 3 -Mev state, 

If the 1.8-Mev "level" is a level, the anomaly would be explained 

if it does not arise from the p 5 configuration of the shell model. Since 

the ground state is a p 5 state, formation of the 1.8-Mev level from the 

ground state would then involve major changes in the nuclear structure.* 

On the other hand, its formation from Li 7 might proceed in a more 

direct manner. Information derived from other nuclei indicates, how-
4 3 2 

ever, that the· lowest p d or p 'd states should not occur at excitation 

energies less that 5 or 10 Mev. If collective modes are excited in Be 9 , 

the 1.8 -Mev level could be one of these. 

,._. Such changes are not encou~tered in the formation of the 2.43-Mev 

state, which also arises from the p
5 

configuration. 
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The other possibility is that it is not a level at all. As is discussed 

. in the next subsection, this interpretation is quite probable. Even in 

this case it may be still difficult tb understand the variation in prominence 

of the 1.8-'Mev peak. 

Other previously reported levels of Be 9 at 3.1, 4.8, 6.8 and 11.3 

Mev were also observed in these scattering experiments. Since the last 

two were definitely excited in inelastic alpha -particle scattering, their 

isotopic spin value 1/2 is established. Unfortunately, because of the 

high-level continuum beneath -these peaks it was impossible to determine 

their formation cross. sections·. As pointed out above, the other levels 

(in alpha scattering) could have been masked by the continuum. Other 

work has shown that the 4.8 -Mev level is broad- -this breadth would have 

inhibited its observation in. these experiments. 

As for the 1.8-Mev itlevel, ''the cross sections for the formation of 

the 3.1- and 4.8 -Mev levels by inelastic scattering are small compared 

with that for the 2.43 -Mev state, while they are comparable in the 

Li7(He 3,p)Be9* reaction. 
! . 

It is interesting to conjecture that, just as the 1:;8 -~_.l<,f~ature ~ay be a 

pseudo level, the 4.8 -Mev -level may- be also, owing to the same phenom

enon. That is, 1.8 Me.v bears. the same relation.to the Be 8 + n threshold 

( 1.666 Mev) as 4.8 Mev does to the Be 8* + n threshold (4.6 Mev). In 

experiments to date the 4.8-Mev level has been found to have a width of 

about 1 Mev. The first excited state of Be8 is as broad.- If the 4.8-Mev 

level is a level and belongs to the p 5 configuration it is difficult to see 

how it could have such a width unless its spin were 1/2. There is only 

one low-lying J = 1/2 level in the p 5 configuration, and the best theory 

indicates that it should lie next to the 2.43-Mev level (i.e., the 1.8-Mev 

state or at least the 3.1-Mev state). 

In summary, the peculiarities encountered among the low-lying 

levels of Be 9 are many. The most promising explanation is that these 

levels do not all arise from the p 5 configuration of the shell model. It 

is apparent that before a more satisfactory theory can be provided one 

must have a better idea of the types of levels involved. The spins and 
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parities of these levels must be determined; it would also be helpful to 

know more about the Li 9 beta transition. It goes without saying that it 

must be ascertained whether the 1.8- and 4.8 -Mev levels are true or 

fictitious. 

E. The Three-Bodv ReactioXSs Be 9 (p. np 1 )Be
8 

c;Lnd Be <fia, na 1 )Be 

Prominent continua of protons and alpha particles were observed 

in this work. The maximum energy limits observed were in each· case 

consistent with the interpretation noted. By the method outlined in the 

Appendix, cross sections were obtained for the reactions, in which more 

that 90o/o of the available energy is retained by the charged particle. 

Thes~ are shown in Figs. 14 and 18. The predominant forward peaking 

of these cross sections suggests that the reactions proceed by direct 

interaction. Two such processes are possible. 

The reaction can be viewed as inelastic scattering in which the 

final state is not bound. Under these conditions, since the neutron 

can carry off any energy and any angular momentum, the scattered

particle distribution loses all structure. In other words, the spherical 

Bessel functions of the ABM theory are averaged over J. and k 1
• Since 

the zero-order Bessel function is dominant, a peak in the forward 

direction is to be expected. The experimental results verify this con

clusion. 

From another viewpoint the mechanism can be thought of as heavy

particle stripping. 52 To examine such a process in more d_etail, con

sider the specific case of the proton-induced reaction. In the center -of

mass frame before collision, the proton is traveling forward, the Be 9 

nucleus backward. In analogy to deuteron stripping, heavy-particle 

stripping can occur if the Be 8 core collides with and is absorbed by the 

proton at a time when the neutron is outside the range of forces. The 

neutron will then be observed at an angle e determined by the vector 

sum of its translational momentum and its instantaneous share of the 

internal momentum of Be 9 . The outstanding difference between this 
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type of reaction and deuteron stripping is that the neutron distribution 

in the former will be peaked in the backward direction. Reaction eros s 
53 

sections of this type have been observed. The positions of the ma~ima 

and minima determine the spin-parities involved in a manner similar to 

that in deuteron stripping. 
8 In the above case, the Be and proton were considered bound. If 

this does not happen, any angular momentum transfer. and any energy 

loss for the proton are permitted. In a rough way the theory should be 

the same as that considered by Se~ber. 54 
That is, the neutrons should 

be peaked in the backward direction and have an energy distribution 

symmetric about the value that they had because of the motion of the Be 9 

in the center-of-mass frame. Detailed calculations of the effects of 

this momentum spread are now in progress. For consideration here, 

all that is needed is the fact that the most probable neutron momentum 

vector points backward along the beam axis and has a magnitude (in the 

center-of-mass system) given by 

P' 
n = 

M 
n 

M +MB 9 p e 
(2 E )1/2 

Mp p ' 

where the M's refer to the masses of the particles involved, and E is 
p 

the laboratory-system energy of the incident proton. Once the neutron 

momentum vector is known, the three-body kinematics can be solved 

to yield an explicit expression for the scattered proton energy as a 

function of angle. This has been done and the expression evaluated for 

the angles at which the 1.8 -Mev "levelrr was observed. It is then 

possible to transform these values into an effective Q value for levels 

in Be 9 . These are compared below with the observed Q values of the 

1. 8 Mev "level. " 
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Table X 

A comparisonof the observed Q value~ for the 
1.8 -Mev "level" and those which arise from unbound 

heavy-particle stripping 

Angle (c.m.) 0 obs "0" (calculated) 

(degrees) (Mev) {Mev) 

55.4 - l. 76 ± .. 03. - 1.75 

71.5 - 1.82 ± .03 - 1.80 

97.0 - 1.91 ± .03 - 1.89 

Not only does such an interpretation agree wit.h the observed mean value 

for the Q, but it also reproduces the observed systematic shift with 

angle, a shift 'that is outside the expected errors of measurement. Until 
I• 

calculations on the effective "peak" width have been carried out it is 

impossible to say whether the characteristics of the "level" are com

pletely reproduced by this model. 

A third possibility for the reaction mechanism is compound

nucleus formation. Since such a process would undoubtedly yield a 

distribution symmetric about 90°, the (p, np') continuum offers con

clusive evidence that direct interaction is appreciable' at 12 Mev. The 

somewhat doubtful second 'interpretation of the 2.43 -Mev inelastic 

proton-scattering data :l.s consequently validated. 

If the reaction were :fun~amentally a boil-off process, the 

distribution in energy of the charged particles would be given by the 

t t . t' 1 h . . . 55 
sa 1s 1ca p ase-space express1on 

( )

1/2 
N ( E/Ema)oC E E 

max (
1 - E E )1/2 
. .max 

where E is d~terniined by the kinematics of the reaction. By 
max 

integration of this distribution it is possible to obtain the fraction of 

all the particles emitted that have an energy greater than 90% E . max 
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Division of the observed differential cross sections by this number 

yields the total differential cross sections shown on the left of Figs. 

14 and 18. Since direct-interaction processes can occur with the 

preferential emission of energetic charged particles, and since Coulomb 

effects would suppress low-energy charged-particle emission even if 

the compound nucleus were involved, these are upper limits only. The 

total integrated eros s sections for these reactions are therefore 

u(p, np') < 185 millibarns and d(a, na') < 900 millibarns. These values 

afford further proof that direct interaction is important here, since the 

geometric cross section of Be 9 is only ...., 300 millibarns. 

F. Remarks About the Direct-Interaction Theories 

In the preceding subsections various theories of direct interaction 

have been called upon to interpret experimental results so as to yield 
. . 9 . 

spme of the properties of Be .. Except where necessary for the inter-

pretation, no remarks about the theories themselves and the inter

relationship of their parameters have been made. Since a considerable 

body of data is now available for a single nucleus, some comments of 

this type are possible. 

Three inelastic scattering processes have been investigated. Of 

these the '24-Mev deuteron theory fits its experiment best. Next in 

order of agreement with experiment comes the alpha-particle application 

of the ABM theory. Finally, it was found that the ABM theory is a 

poor fit for the 12-Mev proton data. Unfortunately the particles 

scattered were of different energies, so that it is difficult to assess 

separately the relative validity of the theories themselves and the 

energy regions in which they are most successful. However, if one 

considers the 31.3-Mev proton data as well, it might be inferred that 

for energies greater than, say, 20 Mev the theories are fairly accurate. 

Such a conclusion shows marked deviation from the results found for 

deuteron stripping. This direct-interaction theory is apparently ade

quate, at least down to energies as low as 8 or 10 Mev. Since the 

only major difference between deuteron stripping and inelastic scattering 
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is that a particle actually changes hands in the former, one might attach 

the greater success of the stripping theory to that exchange. 

In all the direct-interaction theories the radius of interaction for 

best fit is considerably larger than the accepted nuclear radius. As 

was pointed out in earlier discussion, the larger values obtained are 

more logical when thought of as the sum of the nuclear radius and the 

particle radius. Further, since these reactions are presumed to proceed 

via interaction with the 'tails" of the nuclear wave function, radii still 

larger than this sum might be expected. 

The theory of the (d, p) reaction has seen widespread application to 

a large number of experimental results. Except in a few instances, 

reasonable fits have been obtained. In most of these exceptions, it has 

been possible to fit the data with the more accurate theories, including 

Coulomb interaction and nuclear scattering of the bystanding particle. 

There are few good opportunities to test the fit of the data for one 

reaction at a variety of energies. With the 12-Mev results presented 

here for Be 9 (p, d)Be 
8

, data for this reaction are now available at born-
56 57 58 

barding energies of 5 to 8 Mev, 12 Mev, 16.5 Mev, 22 Mev, and 31.3 

Mev. 
16 

Figure 22 shows these data arbitrarily normalizedfor best fit. 

Apart from a slight tendency for the measured valu~s to separate in the 

neighborhood of 70°, there is no evidence of any such energy variation 

in the shape as is predicted by the Butler theory. 

It is hard to see how the revisions to the theory, that indude 

Coulomb interaction, could lead to any improvement, since for Z = 4 

such effects should be small. It is possible that nuclear interaction 

with the proton and deuteron is important. As observed by Bhatia et 
46 

al., Butler's formula behaves in a "special" or "singular" manner 

when the neutron binding energy is zero. The Born approximation does 

not. Since the neutron binding energy is nearly zero for the reaction 

under consideration, it is possible that the theory is not valid in this 

case. Failing this explanation for the energy independence, one would 

have to -conclude that special properties of beryllium are operative. 

Certainly no other such striking disagreement with the Butler theory 

has been observed. 



-89-

-LLI 

~ 20 
1-
<( 5-8 Mev ....J 
w 
g .. 12 Mev 

• 16.5 Mev z 
0 22 Mev 
1- • 31.3 Mev u 
LLI 
(/) 

(/) 
(/) 

0 
a:: 
u 

....J 
<( -
1-
z 
LLI 
a:: 
LLI 
lL 
lL 
a 

MU-11267 

Fig. 229 The sgape of the differential cross section for the reaction 
Be (p, d)Be at various proton energies. The data were obtained 
from the references listed in the text. 
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As more and more experimental data for inelastic scattering reactiqns 

are obtained, the need for better theoretic.al calculations becomes more 

evident. 'In particular, it would be useful to estimate the interaction 

radii of the different particles. It is not even clear that such radii are 

energy-independent. In addition, it is time that rough indications of. the 

absolute values of these fringe interactions were obtained. Of greatest 

importance among these would be quantitative estimates of the. inelastic 

proton-scattering amplitudes with and without spin flip. 
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VI. CONCLUSIONS 

Observations of the charged particles emitted from beryllium 

bombarded by 12-Mev protons, 24-Mev deuterons, and 48-Mev alpha 

particles have been carried out. From the analysis of these results, 

further properties of the direct-interaction theories and of the Be 9 

nucleus have been derived. Most notable among the latter has been 

the assignment of the spin and parity (5/2 -) of the 2.43-Mev level. 

Evidence has been presented to discount the existence of·a level in that 

nucleus at - 1.8 Mev. 
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APPENDIX 

It is common procedure to. determine from a charged-particle 

spectrum the cross sections for reactions that yield discrete energy 

groups. By means of the analysis presented here, it is possible to 

obtain cross sections for multibody reactions that yield continuurp. spectra. 

In particular, it has been possible to measure the cross sections for the 

reactions Be9(p,np')Be
8 

and Be9(a,na.')Be8 , in which the charged particl~ 
is emitted with 90o/o or more of the maximum energy permitted. For the 

sake of clarity, the particular case of the (p, np') reaction is discussed. 

Generalization is largely a matter of notation. 

Consider the three-body breakup in the center-of-mass frame. 

Because the system has no net momentum, the momentum vectors 
~ ~ ~ ~ 

P , P and PN (.=PB s) are necessarily :coplanar. Choosing a co-
n p e .. ~ 

ordinate system in this plane so that P is directed along the x-axis, 
p 

we have the .kinematical equations 

P p + P n cos cp n + P N cos cj>N = 0, 

2m 
n 

where the angles are 'measured in the usual sense, the m' s refer to 

the masses of the particles involved, and €, is the energy·af the system. 

The maximum value of P (and hence of the proton energy E ) is obtained 
. 0 PI I . p 

when cpn = cj>N = 180 and P n mn = PN mN. It is an easy matter to 

establish that 
2 

fE) · = ~max 
\. P max 2m 

p 

= 
m +m .+mN p n 

8. 
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It is useful to express the actual energy* of the emitted proton as a 

fraction of this maximum energy. Thus we define x = E /(E } . 
p p max 

Preparatory to transforming to the laborator~ frame, consider now 

that the proton momentum is actually at angle e with respect to some 

space-preferred direction (i.e., the direction of incidence of the 

initial proton). Equations for the angles and energies of the neutron and 

nucleus are now extremely cumbersome (azimuthal symmetry has been 

lost). These do not concern us, however. When we put in the features 

of the initial collision and transform to the laboratory system, it is 

easy to show that 

and 

where A= 
mn + :r:Pp + fuN 

m 
p 

* When the proton does not take maximum energy, the neutron and the 

Be
8 

nucleus are allowed to have various energies and angles. They do 

not have complete freedom, however, until ~ is sufficiently small. In 

particular the angles are confined to the solid cones given by 

cos <Pn < -lmn + mN 
-" m_ m 

p n 

and cos <j>N < {mn+mN 
mp mN 

{mp + mN x 

{m +m X 
p n 

- "'N(mp + mn + mN)~ll/2 
mn + mN JJ 

- mn(mp + mn + mN)}] 1/2 

mn + mN 

As a consequence, when the proton takes near maximum energy, the 

other two particles are closely confined in a small-angle cone and 
,f ' 

travel with nearly equal velocity. It is this fact which has prompted 

the hypothesis that the 1.8-Mev ''level" (which would correspond to 

near-maximum proton energy if the three-body process were involved) 

may arise from resonance interaction petween the unbound neutron-Be 
8 

system. 
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B "(mn+ ';;,? + "'~<) 2 
p 

E. = laboratory energy of the incident 'proton, 
;l 

Ef = laboratory energy of the final proton. 

Q =energy release in the reaction= -1.666 Mev, 

8L = laboratory angle of observation of the final proton 

corresponding to e in the center-of-mass system. 

With the equations above it is pas sible to determine, for any laboratory 

angle eL' the laboratory energies corresponding to any desired center

of-mass proton energies. 

In order to obtain a meaningful result for the relative differential 

cross section of such a reaction, it is necessary to take measurements 

at various angles of the number of scattered protons wi\hin some constant 

center-of-mass energy interval. The interval chosen in this investigation 

was 0,90 (E ) < E ·-< (E ) . After calculation of the equivalent 
- p max - - p - p max 
laboratory energies, and of their equivalent ranges, it was possible to 

identify the corresponding interval of the observed proton spectra. As 

an example, these limits are shown by the arrows RH and RL in Fig. 9 

for 8L = 21°. Since the 2.43-Mev inelas:ic peak and the pickup deuterons 

are superimposed on the continuum in thiS' region, it was necessary t~ 

interpolate between the end point and a region where nothing interfered 

with the observation of the continuum alone. These interpolations were 

done linearly for simplicity.* 

* The combination of the statistical center-of-mass energy distribution, 

the range-energy distortion, and the effect of converting to the laboratory 

frame re suits in a shape that deviates far from linearity at the end point. 

Since it was expected that the statistical assumption would be wrong, 

linear interpolation was tried" The differential cross section obtained 

shows the validity of the expectation. The symmetry of the peaks ob

tained by subtraction of a linear continuum proves that linear inter

polation is not seriously in error" 
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From the area of the triangle of continuum so defined and the counter 

range bite, an X was calculated. The remainder of the calculations 

follow in the same way as those for a peak. No corrections were applied 

for the finite energy resolution of the counter. Since the continuum shape 

is not a rapid function of range, it seems justifiable to think that on the 

average the number of particles lost from the interval was equal to the 

number gained. The transformation from laboratory to. center-of-mass 

system was carried out by using the G = :lt. and the eL to e corre.-

spondence for the median proton energy 0. 95 (E ) . 
p max 
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