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ABSTRACT 

A beryllium target has been bombarded with 12-Mev protoit8, 24-Mev 

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

differential cross sections for inelastic scattering leading to the formation of 

the 2.43-Mev state have been measured. Application of inelastic-scattering 

theory leadc to the aesignment for this level, spin 5/2 and odd parity. 

A very weak inelaatic proton group has been found which could correapond to 

a level in Be 9 at ,.; 1.8 Mev. The oboervation of inelastic alpha-particle groupe 

corresponding to levelo at 6.8 and 11.3 Mev makes definite the assignment of 

iootopic spin 1/2 to these otateo. The data obtained are not inconsistent with the 

existence of levels at 3.1 and 4.8 Mev. 

The pickup reaci:ion Be 9(p. d)Be 8 (ground state) was observedo Although 

the distribution its peaked forward ae predicted by Butler, the shape is the same 

aa that found at other energieso Such behavior is not consistent with the 

quantitative aspecta of the theory. 

The reactiono Be 9(p, np9)Be8 and Be 9{o. na. 0)Be8 have been studied. Analysis 

of the angular diotributione suggeote that those processes in which the charged 

particle retains most of the energy occur predominantly by direct interaction. 

Finally, the elastic ocattering of pl"otons, deuterono, and alpha partici~e 

has been observed. Analyaio of theiSe diotributions assuming a black nu.deus 

gives reaoonable agreement with the positiono of the diffraction effects. The 

radii of interaction that are neceaaary are large but consiatent within themselves 

and with those that fit the inelastic data. 
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INTRODUCTION 
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Although the beryllium n1.tcleua wae early the subject of con111iderable 

experimental investigation. 1 its energy-level structure io poorly and in

completely determined. Tbio is in part due to itc very low neutron-binding energy. 

Ae a consequence, nuclear reactions involving Be 9 are generaUy accompanied by a 

conaiderable atnount of multibody breakupp for the escape of a neutron leade to 

alpha-unstable Be 8 • Furthermore because the excited otates of Be 9 decay 

predominantly by particle emisaion, the level structure cannot be investigated 

by gamma-ray analyeio. 

Shown in F:;.g. 1 is the energy-level diagram for Be 9 • 1 LevelfJ above the 

proton threshold have been excluded for simplicity. Data publi~hed oince 1954 

have also been included. 

Theoretical study o! Be 9 has been limited. Haefner2 has treated the 

loosely bound neutron as a perturbation to an alpha -particle model of Be 8 • In 

the j-j coupling limit of the shell model, 3 the properties of the lowest levelo 

should be due to the single p 3/Z neutron. Recent extensiono4 of the shell model 

*Thio work was done under the auspices of the U.S. Atomic Energy Commiooion. 

A preliminary report wao preoented at the Los Angeles Meeting of the American 

Phyoieal Society in December 1955. and in Phye. Rev. ~ 1795 {A) (1955) and 

BuU. Am. Phys. Soc., Series ll. 1, 153 (1956). 

tNational Research Council of c:nada Special Scholart 1954-56, now at 

·Department of Phyuics, McMaster Univeruity, Hamilton, Ontario0 Canada. 
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to intermediate coupling are laborious but appear to be more realistic. Un

fortunately, with eo little experimental data available, the predictions of these 

models can ha1·dly be put to a rigid test. 

The present inelastic-scattering experiments were carried out with four 

goals in mind: 

(1) To verify the existence of the 1.8-Mev level and to determine the 

cross oection for ito formation, 

(Z) To study the cross sectiono for formation of the Z.43-Mev state and 

hence resolve the disagreement in parity between the results of Ribe and 
s 6 Seagrave and of Finke, 

{3) To see if the analysis of proton, deuteron, and alpha ... partic:le data 

would permit a.n unambiguous spin assignment for that state, and 

(4) To examine as many of the more highly excited otatem as reaction 

kinetics and energy resolution would allow. 

During the couroe of these meaourements it was convenient to determine 

the cross eections for elaotic scattering. These are of interest becauoe they 

permit determinations of the radium of the beryllium nucleus and asoist in 

the analysis of the inelastic data. A comparable radius of interaction may be 

derived from measurements on the Be9(p,d}Be8 pickup reaction. In order to 

obtain the desired inelastic data it was necessary to examine critically the 

charged-particle spectra due to multibody breakup. This examination baa 

revealed that direct interaction also plays an important role in theae reactions. 

EXPERIMENTAL 

The external beam of protono, deuterono or alpha-particles from the 60 -inch 

cyclotron at C1~oeker Laboratory wao used. Descriptions of this and of the 36-inch 

scattering chatnber in which the measuremento were carried out are already 

published. 7 ~ 8 Further details, with particular application to the preaent experi

menta, may be found in a Radiation Laboratory report~ 9 

The detector conoisted of a three -chamber proportional counter which per

mitted identification of the ecattered particlea by their puloe height in the first 

chamber and d<!termine.tion of their energy by range meaaurement. The counter 

could be pooitioned by remote control at laboratory angles between 5° and 167° 

from the beam direction. Thece were measured and could be reproduced to within 

0.1°. The finite acceptance a.ngle of the counter was about 1°. 
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After passing through the targetp a 1-mil beryllium foil, the beam wae 

collected in a Faraday cup. A conventional lOOo/o negative -feedback electrometer 

and standard condenser permitted absolute measurement of the beam currento 

The energy of the incident beam was measured by range determination with the 

Faraday cup as detector. Average values (with total energy spread in brackets) 

for these experiments were ae followo: 

protons lZ.O (O.Z) Mev 

deuterons Z4.0 (0.4) Mev 

alpha particleo 48.0 (0.8) Mev. 

Beam alignment was checked and the angular spread of the incident beam 

measured by scanning the collimated beam with a narrow slit in front of the 

Faraday cup. These measurements were facilitated by the use of an auxilliary 

beam monitor in the form of a Nai crystal and photomultiplier which viewed the 

target at a permanently set laboratory angle of Z0°. Combination of the angular 

opread in the incident beam and of the finite acceptance angle of the detector leads 

to an angular resolution somewhat better than Z0
• The differential erose sections 

presented have not been corrected for this finite resolution. 

RESULTS 

A. Proton Bombardments 

The complete charged-particle spectrum was measured at Z5° and 65° in 

the laboratory frame. The 65° reoulto are shown in Fig. Z. The observed peako 

are identified as follows: 

I. Elastic scattering from oxygen (present as a contaminant); 

II. Elastic scattering from beryllium; 

Ill. Proton group which may be interpreted as corresponding to a level 

in Be 9 at ..Vlo8 Mev but which may have another origin (see 

discussion); 

IV. Inelastic -proton group corresponding to the level in Be 9 at Z.43 Mev; 

V. Deuteron group from the reaction Be 9(p, d)Be8(ground state) with, 

pooaibly, a omall contribution of inelastic protono {3.1-Mev level); 

Vlo Mixture of deuteronu from the reaction Be9(p,d)Be
8

*(Z.9-Mev level) 

and inelaotic protons (4.8 Mev level). 
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The 6.8-Mev level clearly manifested itself at 25° where the inelastic-proton 

energy was great enough to permit scanning above and below the peak. In the 

light of thie, the bump in Fig. Z at 15 mg/cmz is presumably significant and 

due to inelastic scattering to that same level. The maximum range of protons 

from the three -body reaction Be 9 (p, np9)Be 8 is shown by the arrow to the right 

of peak IV. All :t•anges less than this are kinematically possible. 

The Z5° data are eosentially the same. As mentioned. a peak corresponding 

to the 6.8-Mev level was visible. Because of a considerable increase in the 

general continuum, peak VI was not so prominent. The small peak Ill was 

completely obscured by an elastic peak fifty times larger than that at 65°. 

The elastic group wao measured at suitable intervals from 7° to 167°. 

Where visible the oxygen etaotic peak was generally about lo/o of the beryllium 

peak. The erose sectiono for elaotic scattering obtained from these data are 

shown by the solid pointe of Fig. 3. 

Peak III wao examined in detail at oeveral forward angleiJo Poorer 

resolution..due to the neceoaity of a reflection target at scattering angles beyond 

90°, precluded the poeaibility of detecting it in backward directions. In Fig. 4. 

which showc data for three angles. the abocissa were converted from range to 

excitation energy assuming the reaction Be 9(p, p 0)Be 9• Table 1 summarizes the 

observed excitation energieo and formation crosa sections and includeo the resulto 

of less reliable meaeuremento at 40°. The peak shapes are conoiatent with a level 

width of tvO.Z Mev • 
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=~===========================================:========n=====~-===·====,==~·==:~~ 
Characteristics of the 1.8 -Mev "level" in Be 9 

fJL 6
CM Excitation energy da for Be 9 (p. p ')Be 9 

(de g) (de g) (Mev) dO (mb/ sterad) 

40° 44.5° 1.65::1:.10 r..J0.5 

50 55.4 1. 76 :t; .03 0.17:t.08 

65 71.5 1.82 ::1: .03 0.15 :t .06 

90 97 .o 1.91 ::1: .03 0.16 :t: .08 

Peaks IV and V and the ©;ontinuum in their vicinity were scanned at 

suitably chosen forward and backward angles. The differential cross section& 

for the inelastic acattering and for the pickup reaction are shown in Figa. 5 

and 6. The s;.gnificance of the curves wiil be discussed in a later section. 'Ihe. 

total integrated cross section for the reaction Be 9\p.d)Be8 is 40mb. For the 

inelastic scattering Be 9(p, pn)Be 9* (2.43 Mev), the same quantity is 110 mb. 

Considerable 3-body breakup,~as observed in the proton bombardments. 

While such a reaction does not manifest itself by the presence of a discr~tp~~nergy 

particle group, it can nevertheless be studied by the method outlined in the 

Appendix. The results of such an analysis for the reaction Be 9~p. np0)Be 8 are 

shown in Fig. 7. The ordinate gives the differential cross section for the formation 

of the Be 
8 

ground state and the scattering of the proton through an angle 8 whe:;.·e 

the available kinetic energy has been shared in such a way that in the center .. of 

mass we have 0 90 Emax E E ma:x • Po ~ Po~ Po • 

B. Alpha=Particle Bombardments 

Complete alpha .. partide spectra were taken at laboratory angles of 14.5°, 

29.8° and 62.5 °. Figure 8 shows the results for the lal?gest angle. Data at the 

other angles were essentially the same. Peak I contains particles elastically 

scattered from beryllium. The second peak corresponds to the 2.43-Mev I~evet 

white peaks IU and XV correspond to the higher etates at 6.8 and 11.3 Mev. 
' respectively. Elastic ocattering from oxygen. was again evident but is not ohowne 

Identification of weak particle groupm corresponding to levela at 1.8 and 3.! Mev 

was imposaible becauoe of insufficient resolution. There aeema to be no dear 
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indication of the 4.8- and 7.9 Mev levels. although conditions for their oboervation. 

were more favorable. If these levels are broad or only weakly excited, their 

prellilence may have been masked by the prevailing continuum. No attempt wao 

made to obsel've protons in. these meaeurementa. 

The elastic and 2.43-Mev inelastic peaks were studied at some 35 angles 

from 5° to 90° in the laboratory frame. Figure 9 shows the differential elastic

scattering erose section. The differential cross section for inelastic scattering 

and the formation of the 2.43-Mev state is ahown in Fig. 10. The total C!'oas 

section for this reaction~ up to 6CM = 1Z0°, is 50 mb; if a !Rat angular 

dependence is assumed at greaten· angleo 9 the total integrated erose eection ia 

56mb. 

Ae in the case of the proton bombardments. a considerable continuum wan 

observed. Since its beginning occurred close to the calculated onset of the 

tbree ... bcdy reaction Be 9(e, na.n)Be8
e it was interpreted in that way. Because 

of the compresoion of the energy scale (~ is greater for alpha. particles than for 

protons). the analysis of the type discussed in the Appendix may have included 

additional contributions due to an unresolved 4.8 -Mev level and 3-body reactions 

in which the ground state of Be8 is not involved. Figure 11 showe the data with 

these other reactions assumed to be negligible. The ordinate is the differentia! 

crosse section for the reaction Be 9(e 0 no. 0)Be8 in which the scattered alpha 

Particle retains most of the energy so that we have 0.90 Em~x <.. E " <. Em~x , 
a." - a." - a.· 

The slight structure visible is probably not real. since it correeponde clooe!y 

to that observed in the cross section for the formation of the Z.43-Mev state 

and presumably has its origin in slightly incorrect treatment of the experimentaJ. 

data. 

C. Deuteron Bombax-dmentu 

The same beryllium ta.rget was bombarded with 24-Mev deuterons, and 

the charged-particle spectra studied aa before. A large neutron flux compounded 

the difficultieo of making the obaervatione so that the data here are neither so 

complete nor oo well eetabliehed. At all anglee. aubstantial charged-particle 

backgrounde were observed9 with the'"target both in and out. 

Figure 1 Z shows the p;u~tial c:barged--partide apeet:rum tak~n at a laboratory 

angle of 25.6°. Even under the e1amtic group, peak !p the background is appreciable. 

The strongly excited 2.43 .. Mev level accounts for peak II while peak V correcpondo 

to the 6.8-Mev state. The alight bump. labeled IV, is presumed to be due to the 

4.8-Mev leveL The origin of peak UI ia not eo clearly understood, Itm pooition 
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corresponde closely to that projected for an ineRastic deuteron group from the 

3,.1.Mev level in Be 9 • Howeverp triton& from the possible reaction Be 9 (d. t)Be 8(; 

{2/1-Mev r~tate) should have li similar range. It wac not posoible to identify theoe 

particles by discrimination in the detector owing to the weakness of the group and 

to the background conaiating mainly of proton recoils. While it is probable that 

(d 9 t) reactions do occure as found at other bombarding energies, 10 
it is possible 

that peak IXX (visible aieo in the 30° and ! 5° data) is partially due to a contribution 

from the inelastic .. deuteron group. A weak group corre~sponding to the L8-Mev 

level would have been masked by the background. For the same reason~ the onset 

of the (d. ndv) 1·eaction was not visible. 

Experimental points fer the elaotic differential cross section are shown by 

the oolid circles of Fig. 13. The inelastic erose section for scattering to the 

2.43-Mev state iB shown in Fig. 14. Meaauremente at more forward angleo were 

impossible because of the large elastic croua section. This swamping may be taken 

as evidence that the probability of inelaotic scattering continues to decrease 

for 8 <. 15°. For thie reactiono the total croas section, which is rather insen6itive 

to the behavior at omaU angleo. is 44 mb. Ana.lysio of the continuum waa not 

possible in thio case; in addition to the neutron-initiated backgroundo other 

multibody processeo, Be 9(d, pn)Be 9 and Be 9(d8 pZn)Be8 ~ can compete with the 

Be 9(d, nd0)Be 8 reaction. 

DISCUSSION 

A. Ela.s tic Scatte r!_ng 

The ootid curveo of Figo. 3, 9 and 13 represent the Rutherford croso 

sections for ocattering from a point charge. When the observed data are divided by 

these erose sections, the dashed curves result. Interference effectm are prominent. 

Except at small angles corresponding to large distances of cloueot approach. theGe 

ratioo are greater than unity. The accuracy of the aboolute normaHzations are 

strikingly demonstrated in two inetanceso howevere by the fact that the measured 

absolute differential erose sections are very cloee to the Rutherford cross sectiono 

at the smaUet~t: anglea. 
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One of the simplest wayo to interpret e!aatic -scaete:ring data is to aootunro 

that the nucleuu is opaque to particleu that in a claa~Jical pictur0 would "hit" t.hc 

nucleua. ll Particles that "miss" are aaeumed to proceed without interaction·" 

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

Ruth<ttrford scattering. Under theoe assumptionse the problem reduc:ee to a 

simple one in optic:!!, and roughly speaking we have 

f . 
9
i + 1 . 

6
i } 2kR tUn z - s1n Z :: w 

where k ie the wave number of the acattered particle, 

R im the interaction radiuo, and 

6i ill the angle at which the i th maximum is oboe rved. 

A similar relation holde for the angles at which minima occur. Table Xl lioto 

the angleo of maxima and minima and the values of R calculated from the above 

formula for each of the three elaotic -ocattering procesoee obaerved. It i® 

apparent that much a rough explanation of the origin of the interference effecto io 

not completely adequate. However, it io logical to expect conoistency not only 

among the valueo obtained from proton8 deuteron0 and alpha-particle elastic 

data but also with the radius parametere derived from the inelastic data to be dio

cussed in the next suboection. 

The etaotic parametero are consistent with a radius for the beryllium 

nucleuo, rBe = (3.4 ~ O.Z) = (1.65 :1: 0.10) A l/l fermi if it is aesumed that 

r = l.Z 0 r = 1.5, and rd = 1.6 fermi. Thio proton radiuo ia reasonabl(). Whi\u 
p a. 1 

the ,-adiuo of the alpha particle Z io~ no doubt. nearer Z.3 fermi# a omaUer 

effective value ia in line with that generally found when the alpha particle i~ in 

the Coulomb field of a nucteua. Blatt and Weicskopf, for example, chooee the 

effective radius under such condition& to be l.Z fermi. 13 Elastic scattering 

experimento by lgo, Wegnero and Eioberg at 40 Mev yiclded'lhe value 

(1.60 :1: O.Z3) fermi. 14 The fact that the deuteron radiuo above io conmidelr'ably 

amaller than the oo~called nradius of the deuteronu io not ~t~urprioing. 15 If a 
~ 

coUbion took place at a th:ne when the neutron and proton were widely sepa.rated 

and outoide the range of their mutual forces, scattering of the deuteron aa a 

whole would not be expected. Therefore, 1.6 fermi is a aatidactory effective 

deuteron radius. The large t!Jize of the beryllium nucleuo p:reaumably :reflectl!l 

the omallneos of it;g binding energy. 
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Table U 

Interaction radii obtained by diffraction analyois of elastic scatten·ing 

------------------------·--~--------------------------------------------
Incident 
particle 

p 

l=P-:o=-:=o:.:::.it==i;=o=n_.::o::::f~----=F=-e=a=t::::u;:.:;r:=eJ Minima 
~)a (deg.) 

8 :1: 1 

71. * 1 

45 = z 

117:1: 2 

lZ.Z s 1.0 

Z9.0 :t: loO 

49.5 :1: 1.0 

68 :1: l 

90 :f: z 

zo.o :t 0.5 

37 .o :f: o.s 

57.5 :t: 1 

80 :t:Z 

R 
(fermi) 

4.4 * 0.1 

5.2 :!: 0.4 

4.4 :0:: 0.3 

5.3:4: 0.4 

5.0 :1: 0.4 

5.Z :t: O.Z 

4.5 :t 0.3 

4.6 ::t 0.4 

Mean. R 
(fermi) 

4.6. 0.1 

4.9 :1: o.z 
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Table II (cont.) 

-
incident LPoeition of Eea t'Qrfl minima R Mean R 

I particle maxima (deg.) (fermi) (fermi) 
(~) 

d zo.s :i: 1.0 

5.0 ~ o.z 
51 :t: 1 

5.3 :t: 0.3 

84 :t:Z 

s.z :t: 0.3 

131 ::1:3 

5.0±0.1 

3Z.5 :k loO 

4~8 ::t OoZ 

65.5 :t: 1.0 

4.6 ::-; o.z 
109 : z 

4.9 :1: OoZ 

15Z :t: l 

-· 
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The above analysia is based on a rather rough postulate, namely, total 

abuorption of particlee incident on the nucleus itself. Furthermore, the model 

does not allow for a region of smooth variation from no nuclear matter to the 

n1.aximum nucleon density. Unfortunately, in the very light nuclei, more 

realistic op~ical-model analyoeo 16 do not yield unique valueo for the parameters 

involved. Nevertheleeo, the proton data have been incorporated with the resuUo 

of a wide aurvey of elastic ocattering carried out at this laboratory, 17 and such 

an analyeio ie in progress. It ia hoped that a oimilar ourvey and analyeie of 

elastic alpha-particle scattering will soon be undertaken. At 48 Mev, data are 

already available for the elements C and Mg, 18 and Ago Au, and Pb, 8 in addition 

to Be reported here. 

B. The 2.43-Mev State 

The differential cross Qectiona for the inelastic proceeoes. (p, p 0
). (a., Ct0). 

and (d, d 9
), leading to the Z.43-Mev excited state of Be 9 have been determined. 

All three show maxima in or near the forward direction and were analyzed using 

di rte c.lt -interaction theoricu. l9, 20 

(i) inelaotic deuteron scattering 

Figure 14 ohowo the arbitrarily normalized theoretical (f =2) diotribution
20 

for the reaction Be 9(d, du)Be 9* (Z.43-Mev otate). The radius of interaction for 

beet agreement with the experimental data io 5.60 fermi. The fi rot peak fits weU; 

the second. while agreeing in position with the second experimental maximum~ ie 

several!. times too small. This same discrepancy can be noted in other inelastic 

deuteron. distributions. Zl With a = 3.40 fermi, tbe theoretical curve for f = 1 

can reproduce the first maximumo but the uecond then falls at 8 = 95°. The 

poorer agreement and particularly the omall interaction radius a = r 0 A l/3 + rd 

make such an interpretation highly unlikely. 

For r = Z, application of the selection rules22 leads to the assignment 1/Z~ 
5/2 or 7/Zp aU odd parityo for the 2.43~Mev atate. The absence of a dominant 

f = 0 fit 0 eliminates the possibility of opin 3/Z. 
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(ii) Inelaotic alpha ... partide scattering 

The prediction of di rt<e:: t -reaction theory19 for the inelastic <Z.43-Mev 

state) alpha-particle scattering from beryllium ia shown in Fig. lOo The cur~ep 

drawn for Q = Z and a = 5.40 fermi, has been arbitrarily normalized. In thio 

case the value of the interaction radius was chosen to give optimum fit of the 

positions of the minima at Z9° and 47°. Except for the meaouremente for 

9 (. l5°p which are subject to large erroro, the agreement between theory and 

experiment io remarkable. The best fit for l = l requires an interaction radiuo 

a = 4.63 fermi, but this curve fitu the width of the first maximum very poorly 

and places the higher-order maxima and minima at too large angles. Iff = Z 

is accepted, the oelection rulea for a spinless particle lead again to Jf ::: l/2. 5/7.., 

or 7/Z. all odd parity. 

(iii) Inelastic proton scattering 

Figure 5 ohowe the oboe rved reouUa for the formation .of the -same l;evel by 

inelastic-proton scattering. Its interpretation by simple direction-interaction 

theory io not immediately obvious because the forward maximum is oo broad. 

Other inelaGtic proton data at the eame bombarding energy ahow a Dimilar behaw~. (f;),l 3 

The greatly reduced ratio of the maximum-to .. minimum cross aection indicateD 

that one or more of the following complications is involved: 

( 1) An appreciable amount of the excitation takes place via c_ompound 

nucleue formation. 

«Zi. D~ &'@ e It interaction proceeds with conoiderab'D.e penetration of the 
. · Z4 

protons into the nucleus. 

( 3) More than a single l value is involved in the direc~ proceeo. 

(4) Co"lomb and nuclear- d1stortl01it effecto are particularly strong~ 25 

It is impossib~.e to show conclusively which of these is involved here, zince the 

calculation of the effect of each on the cross section iso to a large degreeo 

subject to the whim of the calculator. No doubt all are involved to some extento 

The foUowing qualitative argumento can be made. however. to show which could 

account for the observations in a reasonable way. 

Because the Coulomb barrier is on1l.y 1.8 Mevp and the beryllium nucleue is 

small, one would not expect Coulomb and nuclear diotortion effects to play a 

major role in thhJ easeo The (Po d) croors oection. measured at the eame 
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bombarding energy, confirmr.& this expectation., WhU.0 it ia true that the (p. d)

reaction cross section appears to be anoma.loulil in co far ao the interaction 

radius io concerned (see below), its shape is definitely of the undiotorted Butler 

type. 

The (p, d) croso section cannot provide arguments about the magnitude. in 

inelastic proton scattering, of the other possible complications,. because the fact 

that a deuteron io involved in the firot-named reaction assures that compound 

nuclear effects will be small and inhibits contributions to the direct reaction from 

the interior of the nucleus. Ao diocuosed in another paper, successful competition 

between two i •values is possible only for the (p. p 0
) reaction and ariseo becauoe 

. fl' Z2 sp1n 1p can occur. 

It ic difficult to be dogmatic about compound-nouleus contributions because 

of the uncertainty in the ehape of the differential croao section arising from t:auch 

a mechanium. If only one level of the compound state is involved or if a 

atatiotically large number are involved, the angular distribution of the evaporated 

particles must be symmetric with respect to 90°. On the other hand 0 if two or 

only a few levelo of oppoeite parity are involved, thio restriction io liftedo In 

any case. one can be guided by the fact that the croeo oection, expanded in the 

form l( Ancoon60 can contain values of n no larger than 2L, where L iG 

the smaller of the higheot partial wave absorbed from the incident beam and 

the opin of the compound level with the highest angular momentum., Rough 

ectimateo of the level epacing and level widths of the cor,npound nucleue that 

would be involved here (B 10* with excitation energy 17.4 Mev) indicate that the 

statiotical aooumption would not be juotified. From the nature of such a 

calculation it is impomsible to say whether one level or several would contribute. 

Computation of the claosi!ical impact parameters and barrier-transmission 

factoro shows that e- and p-waves ehould have appreciable reaction amplitudeo 

and that d-waveo might contributeo It is therefore juot pooaible that at ileaot 

two high-spin 1\.evels of opposite parity participateo say 2+ and 3-. and aU. terms 

up to cos 4e arise. The observed crooli oection ean be adequately fitted by oueh 

an expreooion. 
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Three lines of reasoning, bowevere favor interpreting at least paX"t of the 

c!'oao oection in ~erms of direct interaction: 

( l) A rough eatimate of the cross oection for compound nueleua formation, 

using the familiar amymptotic expression# 26 yields the vaa-;e 6oo= n:b": 
Becauoe the compound nucleus ia excited 9 Mev above the threohold 

for neutron emission, one would expect de -excitation to occur by thie 

means in the majority of cases. It is diff'icu.lt, therefore, to entertain 

the idea that the 110-mb cross section for the reaction 

Be9(p,p9)Be9* (2.43-Mev atate) arioes mainly-by decay of the compound 

nucleus. 

(Z) Examination of the (p. np9
) erose eection, involving changea of proton 

energy of about l.5 Mev0 Fig. 7 o shows that direct reaction io an 

impor.tant mecbaniom at lZ-Mev bombarding energy. 

(3) While inelastic proton scattering23 from carbon does not ohow the 

normal ohape for direct interaction processes. angular correlation 

meaouremento 27 indicate that an appreciable amount of thhl reaction 

muot, nevertheleao., ~ake place directly. 

Accordingly, attempts have been made to explain the oboerved crous section in 

termo c.f the combination of compound-nucleuo formation and· cH r~ c t interaction. 

Curve Z of Fig. 5 iUuatrateo the be111t fit for a single 9. -value together 

with an ieotropic contribution :from th~ c~mpound nucleuoo The parameterliJ in-

volved are t = o. a = 1.8 fermi and ~ = 2.5 mb/eterad. While the 
CM 

agreement is oatiefactory, such an interpi'etation seems unlikelly in view of the 

smaUnees of the :radiua of interaction. 

More plausible radii, 28 though a poorer fit. are obtained using combined 

f = 0 and f = 2 distributions and a contribution from compound .. nuclleus 

formation. The dashed curves of Fig. 5 have been calculated (arbitrax-y 

normalization) for t = 0 and I = Z using radii of interaction of 4.5 and 5.5 

fermi. A typical result of the addition of such direct interaction termo and a 

compound-nucleuo erOGB oection (~)eM= 5 - 3 coo
2 

· 9 io ohown by Curve l. 

While it is not quite poe Bible to find a combination that avoido a double -humped 

sum. it is reasonable to expect that minor departureo from simple. direct 

reaction paUerne could smooth this to agree with observation. The implicationo 

of the contribution of two l -values in inelastic proton ocattering are dif.scusoed 
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2Z 
at length elsewhere. Applied to thia caoeQ H hl thought that the t = l 
contribution corresponds to proton scattering without spin flip, while the t = 0 

contribution (diminished so that it does not dominate over the contribution from 

higher i -values) is allowed only when opin flip does occu?. The selection 

rulem therefore lead to the conclusion that the final state has angula1· momentum 

1/Z or 5/Z and odd parity • 

(iv) Level properties 

. . 10 9* The work of Ribe and Seagrave, a otudy of the reaction B (n, d)Be o hao 

shown that the spin of the Z.43 ... Mev level io 3/Z, 5/Z., 7/Z or 9/Z and the parity 

odd. 5 That result and thooe obtained here lead to the unambiguou• a~aignment 
5/Z - for thio level. Z9 At firot oight the 31.3-Mev inelastic~proton-mcattering 
data do not seem to be conaiotent with this. 6 

As the authors point outo however, 

a poorer fit to their data is posoible for t = Z and radius of interaction 4.!5 fermio 

Not only does this interpretation permit a final-state assignment of 5/Z -s but 

it allao yielde a radius of interaction of .more appropriate magnitude. 

Spin 5/Z and odd parity io in accord with the intermediate-coupliing shell

model prediction for the Z.43-Mev otate. 4 The alpha-particle model givee the 

same reeult. 2 This asoignment is aloo eonsiotent with the oboerved level 

width30 and. with the observation that de-excitation proceeds almost entirely by 

neutron emiooion. 31 In the tranaition to the Be 8 ground state, . the neutron will 

carry off three unite of orbital angular momentum. A rough calculation for the 

probability of thia proceoo gives a partial width of about 1 kev. The partial 

width for magnetic-dipole radiation to the Be 9 ground state would be of the order 

of 1 ev. 

' 9 8 9 8 
C. The Three -Body Reactiona Be (p, np0)Be and Be (a.v nc u)Be 

Cross oections for the reactiono Be 9(p, np0)Be8 and Be 9(e&, no.~)Be 8 o in 

which more than 901o of the avai1ab1te energy is retained by the charged particleo 

are shown in Figo. 7 and 11 reepec:tively. Their strong asymmetry makes it 

obvious tho.t d'a r ® e ~ interaction io the dominant reaction mechaniam. 1tf 

compound nucleus formation were involved. one would expect considerab1ly 

omaller and more iootropic differential erose sectionso 
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The proceuu invo1lved may be inelastic scattering in which the final state 

ia not bound. The scattered particles will ouffer arbitrary linear- and angular

momentum cbangeo bec:auoe the neutron can have any ~quantized) angular 

momentum in addition to a VJide range of energieo. The ophsrical Be&sel 

functions of the Austern, Butler, and McManuo theory19 must, therefol'e, be 

averaged over a-ppropriate k 0 and summed over I. Approximate calculations 

of the differential erose sections have been carried out and the results are shown 

as solid curves in Figs. 7 and 11. The radii of interaction uced were those that 

beet fit the corresponding inelactic -scattering datao Because each computation 

involvea only one ascignable pa,rameter, viz. the ecale factor, i:he clooe agreement 

between theory and experiment is as remarkable ae that obtained in any dir®ct 

interaction. The opectl"al ohape resulting from auch a mechanism wouldD at 

the high-energy end, be mainly determined by the phase apace available to the 

neutron. Because thic increases as the energy of the scattered particle decreaoes. 

one would expect the number of evento to increaoe with decreaaing eha.rg0do 

particle energy. At lower scattered-particle energies, the if.:l&ue i.s complicated 

by Coulomb effecto and by the decreasing probability of direct interaction for 

evente in which the momentum change of the incident particle io comparable to 

the incident momentum. Examination of Figo. Z, 8 and 16 showe that the high~ 

energy end of the spectrum agreeo qualitatively with expectation; the 1lower-energy 

part cannot be investigated experimentallyo 

A eecond type of direct interaction is all.oo poGaibleo Thio is a reaction 

similar to heavy-particle stripping; 32 a reaction in which the incident charged 

particle cauaeo the loosely bound neutron to be stripped from ita Be 8 core and 

then itaelf &Jucceedl! in eocaping capture by that core. The croma section for ouch 

a reaction is not expected to be large. Without going into the detailla hereo it 

can be stated that the neutron will travel in esoentially the backward direction 

with iow energy. From the kinematical equations it then followtJ that the 

scattered charged particle will have an energy distribution peaked sharply around 

a value close to the maximum possible. It ie clear, therefore. that this mechanism 

is not involved in the data. of Figs. 7 and 11. ltt ill highly probable. however. that 

the small proton group (peak Ill) in Fig. 2. ie the result of this effect. 
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D. The Poeeible 1~8-Mev State 

Data have been obtained which appear, on the surface~ to be consistent with 

a level in Be 9 at rv 1.8 Mev. In the preceding paragraph, however, a process hao 

been described which is capable of explaining theoe same data in terms of a 3-

body reaction. 33 Preliminary calculationa of this effect have already been 

preoentedi 34 more detailed considerations are in progress and will be publiphed 
·it~t~ 

in the near future. It io the intent of this diccusoion to a.aeume that the lev~}.' 

actuaily exiatm, and then to see what characteriotics it would have to have in order 

to be conoiotent with the data. 

Observed values of the excitation energy are lioted in Table I. Although 

errore have been estimated liberally, conobtency among the values measured at 

different ang'D.ee io poor. 35 The mean excitation energy, 1.83: 0.03 Mev, does 

not entirely agree with other determinationo. 36• 37' 38 The shape of the observed 

proton peak suggeeto that the level width is probably about o.z Mev. Only a 

1/Z-state could have ouch a width. If this io tnJ.Ifl 0 de-excitation by gamma-ray 

emiflleion should occur only once in a million decayo. Kurath has ehown thato in in

termediate coupling, there is a 1/2 - otate near the 5/2 - otate at 2.43 Mev, 4 

but the theory ie not able to decide which ia the lower-lying. 

In the angular interval 50°..::_ 6 ~100°,_ ._the_ ~~~erentia~ ~.:rooo _sec~i~n for the 

inelastic ocattering of 12-Mev protons is only 0.16 mb/ oterad. Thio ill a factor 

of 60 leso than that for the formo.tion of the 2.43-Mev otate. Since a peak 

corresponding to ite exc:itation was not oboerved in the alpha-particle and 

deuteron data0 it is possible only to oet an upper limit, 0.5 mb/ oterad , for 

the c:rooe eection for formation by inelaotic alpha-particle or deuteron scattering. 

Other workero have observed the excitation of thio level in various reactions.36 •31•38,3S 

buto unfortunately, few absoliute croao aectiona are availableo It io strange that, 

in the reaction Li 
7 

(He 3 
o p)Be 9*. the peako correoponding to the Z.43-M ev and 

1.8-Mev levels are of comparable magnitude; in all other instanceo, the 

1.8-Mev level hae been much-ltH!ID•&trongly excited. 

It is obvious that any theory of the l.SaMev state must account for thio 

anomalous behavior. Small crosa oectiono could reoult from a fortuitous cancel~ 

lation of m&trix element 111, but it is tempting to conjecture that this level must 
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be qllite different in. structure from the ground etate Slnd Zo43-Mev level. In 

the shell model. this might mean that the L8 ~Mev etate does not ariee from the 

p 5 configuration. Xn the alpha-particle model, core excitation may be involved. 

If collective modes are present in Be 9, the 1.8-Mev state could have K =: 1/?.. and 

the o~her low-lying stateo K = 3/Z. 

E. Other States 

In thio work it has not been possible to make any clear observations with 

respect to the 3.1-Mev level. However9 it is thought that the inelaatic del.!teron 

meamurements do confirm its exietence. It is dear that this state is not as 

prominent in inelastic scattering ao the l.43-Mev state. This implieo that the 

cross mect~on for formation ie considerably omaUer than that fo1· the other state 

and/ or that the 3.1-Mev state hao an appreciable width. Rasmuesen et aL 

indicate that the level width is perhapo 0.3 Mev. 38 If thio is trueD then the spin 

and parity io very probably l/2 -. On the other hand, Allen reportc r <:..o. 1 Mev. ~O 
The reaction Li 7(He 3, p}Be 9* aeems to provide evidence for a level with 

excitation energy N4.8 Mev and width about 1 Mev. 36 Xn that experiment the proton 

group corresponding to the 4o8-Mev state ie as prominent ao the group due to the 

2.43-Mev atate. In the 3& aMev proton inelastic-scattering data, there is some 

indication of the exictence of a weakly excited level at about 5 Mev. 6 Fry has 

observed an event in nuclear emuleion which io beat interpreted as the decay of 

Li 9 to an excited utate of Be 9 at 4.4:!: 0.8 Mev. 41 In the proton-scattering data 

reported herein, condition!D were not favorable for the observation of such a 

level becauee of an overlapping deuteron group from a competing reaction. No 

evidence of the level wao found in the alpha-particle bombardmenta and only the 

weakest indication in the deuteron-scattering data. if the heavy-particle 

e tripping mechanism ie succes aful in diacounting the evidence for a level at l .8 

MevD then this same mechanism could predict an "apparent level" at 1\.14.8 Mev 

even if one doeo not really exist. Thio is because 4.8 Mev bears the sarne 
8* * relation to the Be + n threahold (4.6 Mev) as 1.8 Mev does to the Be + n 

threshold (1.666 Mev). Becauoe the excited etate of Be8 has a width of 1 Mevp 42 

the 4.8aMev "level" would appear at leaot as broad. it is not clear, however, wh~~®i·-· 
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the crooa oection for such a process is sufficiently large to completeli_accoun~ 
for the oboervations. The emuloion event could be assigned to another levelo 

The exiotence of more highly excited stateo at 6.8 and 11.3 Mev is 

confirmed. Both stateog which appear to be quite broad, were prominent. 

Because of uncertaintiea in the magnitude of the continuum underlying the peaks 

corresponding to these levelo, quantitative crooe-section measuremento were not 

pooaible. Formation of theue otateo in alpha-particle scattering implies that they 

are ieotopic-opin doubleto. No evidence for a level at 7.9 Mev wao found b\\'1!!; tht;~ 

oearch was only cursory. Levele above 11.3 Mev could not be detected. 

F. The Reaction Be 9 (p, d)Be 8 

The application of Butler otripping theory43 to (do p) and (Po d) reactiono 

is well establiohed. Figure 6 ohowa the experimental data together with the 

theoretical erose oection (normalized for beat fit in the region 10° to 30°) 
9 8 . 

for the reaction Be (p. d)Be • The parametero uoed are f. = 1 and radius of 

interaction 4.SO fermi. The fit is excellent, the orbital angular .momentum io ill 

agreement with the known initial and final opino and parities, an~ the interaction 

radiura compareo favorably with that found in elaatic proton ocattering at the same 

energy. 

With the reporting of the present reoulto at lZ Mev, data for this reaction 

are now available at bombarding energieo of 5 to s.44 il, 16.5, 45 zz. 46 and 

31.3 Mev. 6 Tblo caoe, therefore, preoento the opportunity to teot otripping 

theory for one reaction at a variety of energieo. In Fig. 15 the available 

differential crooo sectiono are shown arbitrarily normalized. Apart from a 

slight tendency for the meaoured valueo to oeparate at angles greater than 70°e 

there is no evidence that the ohape variea with energy. Thio io not at aU what 

is to be expected from simple Butler theory unleso the radius of .interaction 

io itoelf a atrong function of energy. It io hard to oee how the revioiono to the 

theory that include Coulomb interaction could lead to any improvement because 9 

for Z = 4 0 such effecto ohould be. omall. Bhatia et al. have pointed aut that 

Butler0o formula behaves in a "opecial" or "oingular" manner when the neutron 

binding energy io zero. 47 Because thio condition io nearly oatiofied in the caoe 

of beryllium, it io pooeible that the theory is not valid in thio inetance. 
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It would be interostirag if another stripping reaction were meamnued ovex

a wide range of energiea and a similar comparison madee If the interact.ion 

radiuo were again foul!! to be a function of energyg it would be dear that 

oomething more subtle than the binding energy of the neutron ie involved. 

Ge Further Concluoiona 

Continued experimental inveotigation will be necessary before the tru~ 

level structure of Be 9 can be clarified. Because of the prevalence of 3-body 

reactiono, the proopeet of obtaining unambiguoua data from inelastic ocattering 

io not bright. Clear evidence for levelo would follow detection of de -excitation. 

gamma rays. Unfortunately, the large particle widthe of the Be 9* stateo offer 

little hope for the success of such searches. However, a poooibility doeB seem 

to exist~ namely, the examination of the beta spectrum (anA.accompanying neutrono} 

from the decay of Li9• The fact that Li9 io a delayed-neutron emitter48 

indicateo that thio decay proceeds through one or more excited stateo of Be 9 • 
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APPENDiX 

His common procedure to determine from a charged-p&rticle spectrum 

the cross sectiono for reactions that yie11.d diccrete energy groupo. It ia shown 

here that it io aloo posoible to obtain croom sections for multibody reactio11s 

which yield continuum spectra provided~ of couroe0 that their origin is unique. 

in particular, it has been poosible to meaeure differential crooo eectiono for 

the reactions Be 9(p, npe)Be8 and Be 9(Cl, nCl 1 )Be8 in which the charged particle io 

emitted with 90o/o or more of the maximum energy permitted. The reautts of theme 

meaauremento have been preoented aboveo 

For the oake of clarity, the particulnr caoe of the (p, np0
) reaction is 

dioeuased. Generalization io ll.argely a matter of notation. Firot conoider the 

3ebody breakup in the center-of-maoCJ frame. Becauoe the system bas no net 

momentum, the momentum vectors 1'
0

, 'Pp' and PN (YBJl) are neceeoarily 

coplanar. If one chooGes a coordinate oystem in thiu plane so that ~ is 

directed along the x-axio, the kinematical equationo are 

P p + P n coo +n + PN coo +N = 0 

P 
0 

oin +n + PN oin "N = Op 

Pz Pz P z 
__f.., + n + N 

Zm 
n 

and 

where the angles are measured in the usual eenoe. the m 0a refer to the maeseo 

of the particleo involved, and @.. io the energy of the system. The maximum 

value of Pp (and hence of the proton energy Ep) is obtAined when +n = 4N ~ 180° 

and P /m :g PN/mN • It io eacy to show that n n . 

nucleus are allowed to have various ener§t'es and angles. They do not have 

complete freedomt however. until x:: ~ is aufficieritly small. Xn 
pmax 

particulare the angles are confined to the colid cones given by 



and 

Au a conoequence. when the proton takes near maximum energy, the other two 

particles are closely confined in a small-angle cone. It may alao be shown that 

they recoil with nearly equal velocitiea. 49 

Preparatory to tranoforming to the laboratory frame, conoider now that the 

proton momentum is actually at angie 8 with reopect to oome space -preferred 

x-axio (i.e., the direction of incidence of the initial proton). Equations for 

the angles and energies of the neutron and recoil nucleuo are~ now extremely 

cumbersome (azimuthal symmetry hao been lost); however, these do not concern us. 

If one puto in the featureo of the initial collioion and tranaformo to the laboratory, 

it io easy to chow that 

and 

where 
mn + mp + mN 

A= • 
m 

p 

(m +m +mN j E 
B = n p ....£_ .. 1, 

mp Ei 

E1 =laboratory energy of the incident proton, 

Ef = laboratory energy of the final proton, 

Q =energy release in the reaction = ~ 1.666 Mev~ and 

81. =laboratory angle of observation of the final protono corresponding to 

6 in the center-of-mass. 
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With the eq11ationo above it io poauible to determine, for any laboratory nngle 

BL. the laboratory energies corresponding to any desired center-of-maea1 proton 

energies. 

In order to obtain a meaningful result for the relative differential erose 

oection of such a reaction, it io imperative to take measurements at various 

angles of the number of scattered protonB within some conatant center-of-mass 

energy interval. The interval chooen in this investigation wao 0.90 (Ep)max £. 

Ep: (Ep)max. After calculation of the equivalent laboratory energieil, and 

their equivalent rangeo, it was posoible to identify the corresponding interval 

of the observed proton opectra. Ao an example, these limito are shown by the 

arrows RH and ~ in Fig. 16 which illustrates the observed data for 9L =Z1°. 

Becauoe the Z.43-Mev inelaotic peak and the pickup deuterono are ouperf.mposed 

on the continuum in thio region, it was neceaaary to interpolate between the end 

point and a region where nothing interfered with the oboervation of the continuum 

alone. These interpolationo were done linearly for simplicity. Once the areao of 

the triangles of continuum ao defined have been determined, calculations of the 

eroso oectiono follow in the same way ao thooe for a conventional reaction follow 

the determination of peak areas. The Jran~:~formation from laboratory to center-

of-maoo wao carried out Uliing the !},- and the 6L -to-8 correspondence 

appropriate to the median proton energy 0.95 (Ep)max· 
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Fig. 1. The energy-level diagram for Be !.j (Taken from 
Ajzenberg and Lauritsen, Revs. Mod. Phys. 27, 77 
(1955), with more recent data added.) States aoove 
the proton threshold have been omitted for simplicity. 
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final states by which they are labeled. The numbers in 
parentheses refer to excitation energies. 
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Fig. 3. The differential cross section for elastic proton 
scattering by beryllium. The laboratory energy was 12 Mev. 
Experimental errors are less than the size of the points. 
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Fig. 4. Spectra of protons scattered by beryllium. The 
bombarding energy was 12 Mev. 
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Fig. 5. The differential fjross section for the formation of the 
2.43-Mev state of Be by inelastic proton scattering. The 
laboratory energy was 12 Mev. The solid curves are 
discussed in the text. The dashe.d curves (abritrary 
normalization) have been derived from the direct interaction 
theory of Austern, Butler, and McManub as follows: 
3 --f = 0, a= 5.5 fermi; 4 --1. = 0, a= 4.5 fermi; 
5 --f = 2, a= 5.5 fermi; and 6 --e = 2, a = 4.5 fermi. 
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Fig. 7. The 1ifferential cross section for the reaction Be 9 

(p, np')Be in which the scattered protons retain at least 
90o/o of the available center-of-mass kinetic energy. The 
incident energy was 12 Mev. Notice that the abscissa 
is the angle of scattering o'f the proton. The solid rurve 
is derived from direct-reaction theory, with a = 4.5 fermi, 
including terms 1. < 2. 



(f) 
1-
z 
:::> 
0 
(.) 

-36- UCRL -3388 Rev. 

ALPHA PARTICLES ON BERYLLIUM 

ELAB = 48.0 Mev 

9LAB: 62.5° 

ONSET OF 3-BODY 
PROCESS 

Be9 (oc,cx:n) Be8 

+ 

0oo ____ L_ __ ?2o~-t~--~~~~+-~s±o~-+~-+~-.~~~~ 100 
(4.8) (3.1) (1.8) 

(2.43) 
ABSORBER (mg/cm2) ' MU-10597 

Fig. 8. Alpha-particle spectrum from beryllium bombarded with 
48 -Mev alpha particles. The short leaders along the 
abscissa indicate the expected positions of particle groups. 
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Fig. 10. The differential cr~ss section for the formation of 
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scattering. The laboratory energy was 48 Mev . 
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Fig. 11. The
8
differential cross section for the reaction Be 9 

(a, na')Be in which the scattered alpha particles retain 
at least 90o/o of the available center-of-mass kinetic 
energy. The incident energy was 48 Mev. Notice that the 
abscissa is the angle of emission of the scattered alpha
particle. The solid curve is obtained from direct-reaction 
theory, with a = 5.40 fermi, including terms P. <_ 2. 
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Fig. 16. Part of the charged-particle spectrum from the 
proton bombardment of beryllium, showing the separation 
of overlapping peaks from the 3-body continuum. The 
arrows RH and . RL designate the ranges of scattered 
protons of energ1es Ep = (Ep>ma and ER = 0.90 (Ep) , 
respectively (see Appendix). Th: angle of observationmax 
was 21° and the bombarding energy 12 Mev. 


