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CHARGED PARTICLES FROM BERYLLIU~ 
BOMBARDED BY 31. 3-MEV PROTONS 

R einald G. Finke . 

Radiati1on Laboratory, D~parttnent of Physics : 
University of California; .Be.rkeley, Californi9-

. November 17, 1954 

ABSTRACT 
. . . 

The range spectrwn of charged particles resulting fr~m. th.e bom-

bardment of a thin ber-ylli~m foil by 31. 3 -Mev protons has been me~s-

ured at several angles. . : . 

In addition to previously reported energy lev.el~ in Be 9 at 2. 4, 6.8, 

and 11. 3 Mev; evidence· for new levels at 5. 0:, . 7. 9:. 1·9. 9, arid 2·1. 7 Mev 

was obtained. The angular distribution of each of the inel,astic pr~ton . . 
groups has been analyzed o.n the ba·sis ·of the Austertl-Butle'r- McManus 

' . . . .· 
theory. In most cases this gave unambiguous answers for the ,:ingular 

momentum change for the reaction, assuming a reaspnable nucl~ar 

·radius (a ~ 1. 4 A l/3 x I 0 -l 3 em). For the two case. a in which Be 9 ~as 
·left in the i9. 9-:- and 21. 7-Mev excited stat.es, a rather farge nuclea·r. 

radius (a - 1. 7: Al/3 ;, l 0 -l 3 em) was required to give· a .good 'fit. · t'h~ 
dastic proton, angular distribution is .in good agreement with t·hat giv.en · · . . . . r . . 
by the Born appr-oximatio·n. 

8 . . 
Deuteron groups corresponding to the Be, ground state and first 

excited. state were also identified. Good agreement fo_r the angular . . 
distribution of the ground-state ~euterons is found with Butl~r theory 

modified according to the proposal of Daitch and Fren<;h .. The group 
. 8 . 

leaving Be in its 3. 0- Mev ,level is peaked forwa~d and di;mi~ishe s 

in cross section with increasing angle much less rapidly thai) any. 

Butler prediction. 
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CHA:ftGED PARTICLE.S FROM BE,RYLLIUM, 
BOMBARDED BY 3L 3-MEV PROTONS .. 

R~inald G. Finke 

Radiation Laboratory, Department of Physics 
University of Galiforni·a; Berke'ley, California 

Nd.vember · 17, 1954 

INTI{ OD.{,JC T ION 

A. Observation of Energy Levels· 

Excited states of a nucleus may be studied by ob.serving 'scatte'ring .. 

. of charged particles by two different me.ch·a~isrns. In ·a comp-ound nu-:· 

cleus, levels above the threshold for emission· o!.the ~ype of particle., 

scattered may be examined· by resonance scattering, in which we may 
observe the variation.of the cross. section·for elastic scattering from the 

target nucleus with variation in the energy of the inc1dent partide.s. ,. The 

. binding energy of a particle to the !:ornpound nucleus determin~s the lo~- · 

est observable amount of excitation above the ground state. Inelastic 

scattering gives information on all excitations. above the gr·ound state of 

the bombarded nucleus by indicating the ·am.ount of eher·gy left _in the tar­

get ~cleus du~ing ~h~ collision. 

Inelastic s-cattering ,of protons as a means of observing excited iev­

els of nuclei became feasible only after acc.elerators becam~ capable of 

producing protons with energies (in the center -of -mass system) greater 

than the 'sum of the excitation energy of the level involved. and the h.eight 

of the Coulomb barrier of the compound nucleus.. The first experiments 

. involving this process, reported in 1940, 
1
-· 2 

used pro~ons of 6. ?and 

4 Mev. 

When the 32-Mev Berkeley proton linear e~:ccel.erator was buiit; pro­

tons with several times the energies imparted by p'revi.ous·.machine s be­

came available in .sufficient quantilies so that .a survey cquld be made of .l 
- . ·. 

the inelastic spectrum of all nuclei to. well·aboye their respe.ctive thresh-

olds for heavy-particle emission. Inelastic scattering experiments in-

1 . b d 1 . 9 b ]]" ' d b 16 h l' 19,20 vo v1ng car on an a um1num, ery 1urn an . car. on,. e1um, 

d d . t. ld • d 1 . 2 4 h . b . d . h h. an ca m1um, . 1n, go , an p at1num, ave · een one w1t t 1S ma-

chine .. As energies of accelerators have increased, so ·has t~e proble~ 

of resolving closely spaced energy level's. The levels of A 1 clearly 

.. 
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resolved by D~cke and Marshall with 6. 9..,M(w inCident protons b'ecame 

~ hopeless blur to Levinthal, Ma'rti~elli, and Silve,rman.9 ~~en' with the 
. ' :' . . 16 

ultranarrow ene.rgy spread of the linear -a~celerator beam. · Britten , 

using a Nal(T U sciil.qllation- ~ounter, obtained an .en~r·gy resolution .(full. 
' • • ~ ' < 

width at half maximum of the di·stribution of number .. vs .. energy)'of abQut · 

· 5 percent. The present detector, a different~al-tange propordon.a1 

counter telescope, ·was first used in ~ts present form by B-enveniste a~d 
' 19 20 ' . . ' 21 . ' ' ' 

Cork ' and a~~lyzed thoroughly.by Ashby . Energy re~olution: as 

good as 1. 7 percent has been obtained for elastically ,$catt'ered protons . .. . . 
B. Inelastic Scattering 

The mechanism, of inelastic scattering is pictured in two separate 
1-0 13 ' . ' 

ways.· (l) The .compound nucleus theory ' says that. the incoming 

proton is captured by the target n~cleus zA, formi~g a compourtd nu­

cleus (Z + l)Atl in an excited state .. (Se.e Fig. 1.). This. state lasts long 

enough for the new proton to circulate many times (Weissk~pf).10 . This 
' . ' 

or some other pro~n may be re-emitted with an energy equal_to or low-· 

er than· its initial energy. ln the former case we· have elastic sc.atter­

ing; in the la~ter, inelastic scattering. The difference. ifi the cen~er-of-. 

mass kinetic energies of the syst~m. (p + ZA) before and after collision 

gives the energ~ left in .. excitation ,of the ·nucle~s ZA The theory 13 

states that proto'ns emitted from a nucleus will have a center--of -mass 

angular distrib_ution symmetrical about the angle Tr/2 wit}J. the incident 

proton velocity. vector. 

(l) The ~econd .picture of inelastic scattering23 views the collision. 

as a proton-nucleon intera.ction instead-of a pro~on-nucle~s interactiort. 

In this scheme the proton does not penetrate.very de¢ply into the nucleus 

nor does it stay in its vicinity longer than a time of the order' of the .. nu­

clear diameter divided by the proton's velocity. Since the absorption 

lengtll. of a proton in nuclear matter increases with -its energy, we would 

expect that ~t higher energies a proton ~w'~uld ha-ve mote oppo~tunity to 

interact .with individual nucleons before becoming a:.b3orbed itl' compound-
. . ' 

·nucleus formation. In compound-nucleus form~tion at higher_ energies, 

the probability that th_e _energy. shared among all the nucleons will be 

reconcentrated in one nucleon becomes quite small, so that .the com­

pound-nucleus contribution to elastic scattering and inelastic scattering 
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resulting in very low excitations goes to zero with increasing energy. 

Thus we would -expect that the mechanism responsible for inelastic 

scattering would be primarily compound-nuCleus formation at low ·~ner­

gies (7. 1 Mev, Davis 
18

), a mixture of compound-nucleus aftd pe~ipheral 
scattering at a higher energy (1 0 .Mev, Fischer 25 ),· a_nd predominant!;· 

peripheral scattering at a still higher energy (31 Mev, this paper). At 

very high excitations (low-energy outgoing particle), however, coml?ound 

nu8eus for~ation might still be expe_cted to play an import~nt pa~t .. 

For 'a per.iphera) colli~i6n in ~hich a'nucleon, whose w~ve number. - - . is ki (center of mass) before and kf afterward, changes it$_angular _mo-
mentum by. J. units of ·li. Austern, l\utler I. and McManus give !or the an-

gular. distribution of the differential cross section 

~. ,- [J1 ( Jki -k"c J af 
where a is the radius to the spher~cal shell. of the nucleus in which the 

collision may take place, .arid j{ is the regular spherical Bessel .fU:riction 

of order J. . . For backward scatteri~g large momentumtransfe_rs are re-
' 

quired, so the Born approximation is no longer applicable. 

C. Elastic Scattering 

Elastic proton angular distrib~tions may be predicte_d· in shape by the 

simple theory of Fraunhofer diffraction by ~ opaque disc (cf. the optical 

model of ~he nu~leus 14• 7 fin cases where the effect of nuclear dif(raction 

is many times that of Coulomb scatterhtg. (For beryllium with 31-Mev 
'. 

protons the ratio to Rutherford scatterirtg i~ as high as 40J !'he Fraun-

hofer diffrac~ion formula· may be obtained by use of the Bo~n approxima~ 

tion. The scatteri~g amplitude·£(¢) is given by 

f(¢)-f't* V(r) qs
0 

dv, · 

where ~0 and·~£ are the wave functions of t"h,e incoming and the outgoing 

Proton and have the form --"' ik-r ·'t'-e .. 

V(r) is the interaction potential 

V(r) = V , r = a; 
0 

= 0, r >a (a, is the nuclear radius). 
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dv is the volu·me element, .. 
. 2 

dv = 21T r sin e dr d8, 

So, 

since 

therefore, . 

._. .... ' ....... _... 
. -ik£·r ·il<o ·r 2 

e e. .r sin8drd8 

ktlr· :2 . 
r dr - . kflr 

g. =·lk -kl 
-.· 0 . £ 

.· 

· (Fraunhofer diffr~ction) 

It is interesting to note that inelastic sca_tteri~g is' a similar d'if- · 

fraction phen-omenon resulting from interference among the coherent 
. . . -· . ~ 

waves of different angular moment"!m after the collisi~n .. ·The dist.ribu:.. 
. . . ... 

tion .is then characteristic of the change in angular momentum 1 suffered 

by all these units of the incident-proton wave front,. and is si~ilar in 
- . . 

form to the last integral above with the lower limit _grec~.ter than zero 

(integration over a peripheral shell) and the order of the Be.ssel function 

equal to J.. 
#, 

D. Deuter·on Pr.oduction 

Deuteron production may be thought of as an inverse. Butler· stripping 

process. _ The B~tler theor.y 11 ' 22 is also concerned with a peripheral 

region--one of thickness less than the size of the deuteron so that ·one 

nucleon is captured and one scattered in passage. by the nucleus. The 

angular distribution of deute·ron production may be' compa_red with. that 

of Butler stripping by making us.e of the principle of det~iled balance. 

The shape of the· Butle-r -stripping angular 'distribution (see Appendix) 



. ~. 

' .. ~ 

-10-

corresponding to the deuteron"-production: angular distribution gives the· 

change in angular momentum .in the reaction and. a measure .of the range. 

of the nuclear forces. 

E. History o! B.eryllium Levels· 
. . 9 . . . . 

An energy level of Be was first repo~ted by Davis and Hafner in 

1948 5 ' 6 at an. excitation of·2. 41 M-ev, ~bs~rved by inela.stic sc~ttering 
of 7. 1-Mev protoris onto photogrq.phic plates at one'angie· (37°). This 

was verified by a number of other obse-rvers, 8 • 1.7 and remained the 

only inforrri'at~on on the ~nergy-level strudture. of Be 9 until 1952,.
1 
when 

Davis 18 published. an angular distdb ution for this' level obt.ain~d with. 
. . . . 16 •, . 

the above experimental means, and Britten reported the results of the 

films of his scintillation spectrometer pulses obtai.ned at the linear 

accelerator. Britten observed the inelastic spectrum of protons from 

beryllium at laboratory-system angles o£·90°. 125°, and 160°, 'and ·r'e-. 

ported, in ad~itio~ to the first _level, s~eing: new l~vels at 6. 8 and 11. 6 

Mev.· The experi.rnent reported here was wel'k under way at tpat time 
. . 

and had already verified' th~ exis~ .. ence of these levels ... An angular dis-

tribution of the differential cross sectioh for production ·of. deuterons 
. . 9 8 . . . . 12 . 

from the Be (p, d)Be reaction was reported by Harvey in 1951 . 

. . 
'· 
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EXPERIMENTAL APPARATUS 

A. Beam Defining for Scattering 

The linear accelerator beam, after leaving the last accelerating gap, 

has a diameter of approximately 114 in., ari e'nergy spread of less than 

_ 1 percent full width at half maximum, and an angular divergence of about 

10- 3 radian. The collimati;g system (15ee Fig. 2) to shape·and locate 

the beam for scattering expe.riments consists (in the .order, that the beattl 
. ' 

traverses them) of a remotely adjustable four-jaw collimator cl {pre-

magnet colliinatorL an analyzing magnet which bends the be~m thrdugh 

20°, a second manually adjustable four- jaw collimator C 
2 

(postmagnet 

collimator), and a beam-shaping collimator c 3 consisting ofa 118-m ... 

circular hole in a carbon disc followed 1 ft and 2ft later by 5132-in. and 

3116-in. holes to limit siit scattering. The size of the beam at the tar­

get is between 118 in. and 3116 in., with a maximum time-average mag­

nitude of 1 0:..
8 

amperes. The be~m-shaping collimator may be retracted, 

for alignment purposes, without breaking the vacuurp. The beam line is 

initially determined by the postmagnet .collimator and a pi.cture of the 

beam burned into a glass plate at th~ exit port of the scattering cham-

ber. The bearn- shaping collimator and the scattering chamber <;enter· 

line are then accurately located along this line by use of a transit instru­

ment. 

B. Scattering Chamber and Equipment 

The scattering chamber'is the accelerator's 24-in. remotely con-
. 24 0 0 

trolled scattering chamber. The 0 and l80 positions of' the table as 

determined by the solid-angle -defining collimator mounted on the table 

at a radius of 6. 56 in. in fran~ of the counter telescope are accurately 

aligned on the beam line (see above) and al?e easily reproduCible to 0. l 
0

. 

The tar get -holder centering and angular calibration are also checked at 

each realignment of the collimating system ... The remotely controlled 

absorber inserter between the solid-angle -defining 'collimator and the 

counter has ten solenoid-operated sliding frames with 314-i~. -square 

openings Ten aluminum foil absorbers varying (in powers of 2 times 

I z ·
1 

2 I · z 
1. 5 mg em ) from l. 5 m$ em to 768 rng em are mounted on these 

frames, permitting choice of absorber in steps of l. 5 mglcm
2 

hom 
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BOMBARDMENT GEOMETRY 

24" 
SCATTERING 

. CHAMBER "· 
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.,w·e590 

Fig. 2. B omb'ardment geomet1;y 
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0 to, 1534.5 m'g/cm
2

. 1the taTget 1s ·a 0. 002-in. beryllium f~il 6£ thick­

ness 1 1. 18 mg/ cm
2 

with area 3 I 4 in. by l in~ The vacuum in the cham­

ber in which all ·the components of the range telescope are immerse.d is 

maintained by a small vacuum package (diffusion pump plus .mechanicO:l 

pump; at a pressure of about 10-
5 

mm Bg. Some earlier data. we;e taken 
' . 

with a smaller 1-:foot-diamete.r scattering .chamber 'with fixed ports. 

e~bry 7 5° on ·alternate sides up to '90°. The counter and absorber m.,. 
. 19 21 

serter were mounted outside ~see Benveniste anq Ashby ). . . 

c. Counter .• 

The counter 
19

• 20 consists of three multiple -wire· parallel-plate' pro-. ' . ., . 2 
portional counters; each 3/8 in. thick, se·par~ted by.·l. 5 ~nd 6 mg/cm 

A l foils and :operating from a common h:v supply if\_ a commor{gas val-. 

ume (l/2 atmosphere of 96o/o argon and 4o/o co
2

). The front window is a.'· 
liin. circular aperture cove~ed by a. 0. 001 -in .. dur.al foil. Each counter 

has Cl. sensitive area greater than t -1/2 in. square. Thes~ dimensions 

are sufficiently large f?O that protons scattered by the absorbers l9cat,ed 

betweenthe 3/16-in . ..ruameter solid-angle-defining collime~:torand t.he 

counter do not miss the sensitive area of the last counter in any significant. 
. 19' 

percentage (< 1 percent). T.he .. absorbers are p·ositioned sci that the 

thickest is near.est the counter. 

All signal and hv leads are brought into the chamber and connected 

with the counter in normal atmosphere inside a pres suretight channel 

s 0 that the hv may be operated independently of the degree. of vacuum or' 

kind of gas ~in gas -target experiments) in the chamb~r. Earlier experi­

menters ·experienced difficulty in pr~venting breakdown of voltages near 

t'OOOv across standard hv connectors atpressures around lOO!J. or in 
.. 

heliurn gas at STP. 

Charged particles scattered into the solid-angle-·defining collimator 
,! 

by the target are. slowed down by the "range foil" R (absorber plus ~win-
. -

dows plus gas) and counted by each of the counters that they traverse. 
. . 

If we combine these pulses so that the first two are in coincidence and 

the last (beyond the 6 mg/cm
2 

AR foil) in anticoincidence, we count only 

those particles· trave:rs.ing the first two counters and some part of the 

AR foil but not the last counter. In this way we .can count ~ll·those par­

ticles with a range between R and R+AR, Particles stopping in the AR 
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foil have a dE/dx and output pulse height from the first two counters 

many times as large (iS those particles or phenomena creating noise 

pulses and accidental coincidences, so that a bias level for acceptance 

of pulses from the first two counters may easily be set somewhere be­

tween the two groups of pulse heights (plateau measurement). The bias 

level for acceptance of pulses from the third counter is set as low as 

possible, just above the noise level, so that it counts a particle that just 
21 . 

emerges from the b.R foiL (See As~by for analysis of plateau meas_.,.. 

urement and discriminator bias adjustment. ) 

D. Electronics 

The hv supply is a ·0 -? kv photomultiplier supply furnishing U 00' v to 

operate the three proportional counters. ,The signal from ea.ch· counter 

goes through <1 pre-amplifier to a linear amplifier (LA) (See Fig. 3)r 

The individual gains of the linear amplifiers are set to account for any , 

difference in gas multiplication that might exist in the counte·rs. In pr<ic­

tice very little difference in setting is observed. The pulses from the 

linear amplifiers, set so tHat the largest are just overloading, enter 

variable gate (VG) and delay units where the acceptance biases, delays, 

and pulse lengths for the coincidence circuits are adjusted. The pulses 

from LA 1 and 2 are made' 0. 5 f.i.sec long and the pulse from LA 3 is made 

1. 5 f.i.sec, overlapping l and 2 op each side in time. The timing is set 

with a pulser fed through the linear amplifiers. The jitter in time of the 

pulses from the first two proportional counters has been meCl,sured to be 

about 0. 05 f.i.Se~, a very. sma~l part of the pulse widths. 'rhe jitter of 

3 with respect to 1 and 2 is another story, however; being about 0. 5 fisec. 

An overlap of 0. 75 fJ.Sec is found to cover this sufficiently. The VG gate 

pulses are mixed in one quad of an eight-channel quadruple m~xer. · T~e 

coincidences and singles are monitored with scalers .. A fourth VG and 

delay unit i~ fed with the input signal.for VG 2. The pulse is delayed sev-
. . 

eral fJ.Sec and fed into the second quad of ~he eight-channel mixer along 

with normal pulses from VG 1 and 3. The rate of accidental coincidences 

may be 'monitored in this way. All electronics is standard Raciia:tion.Lab:..· 

oratory de sign. 
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. E. Beam Integrator·.. . 

The beam i$ collected in .a Faraday cu1? 19 . The charge·.is integrated · 

on a capacitor know·n in value. to 0. 1 percent. The :voltage. a·cr'oss t~e. 

capacitor is measured by an electrometer and read on. a reJ:;ording volt;.. 
. . . . . . . ·. . . . I :. . " 

meter. All components are standard·and o_f.proven precision .. · ·. ·. 

: .... 
. I 

.. -

. : 

.. 

... 
. ( 

f . 

,': 
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REDUCJ:ION OF DATA 

A. Range -Energy Relation 

All data are taken in the form .of a range spectrum--that is, the 

number of particles of range between R and R t.6.R pas sing through the 

so~-angle-defining collimator per unit charge of collected beam. 

Smith's range,-energy plot 
4 

for protons in A l is used to obtain the ener­

gie s of the particle g'r oups. In additioh, in order to interpolate between 

entries above 15 Mev, the relation 

R =antilog (0. 43620) EM l. 
778 ~ 2. 0 ~g/cm 2 

Al 
· ev 

was derived from entries at 15, 23, and 32 Mevand fits'all intermediate 
2 

entries to ±: 0. 2 rng/cm . 

B. Tran?formation: Laboratqry to Center -of -Mass System 

The transformation from the laboratory frame to the center ,_;of -mass 

frame of reference utilizes the nonrelativistic formulas, 

_ sin ¢ · . . 
tan e - cos ~ + r.; 

·J 2 cos ¢ = cos () l -r 

sin(¢ ...: ()) = r sin e. and 

. 2 £l s1n o 

L:.w _ sin ¢ .6. y1 _ (r cos () + J1 -r
2 

LS?i - sin e 2S e -
)t-r2 sin2 ·() 

. 2 () - r s1n 

.. 2 £l 
s·1n u 

., 

and the equivalent mass ratio r is given in general by 

where the reaction is 

Mt + M2 
M. 

2 

Q - €] "E;. 
0 

M 1 + M
2 

+ (KE)
0

-+ M
3 

+ M 4 + (KE)f + £; (M 1 is born~arding par~icle)' 

and Q:: (M
1 

+M
2
)- (M

3
·+M4 ) 

£ = nuclear excitation energy 

Ea =lab energy of incomingprotort {= KE
0

) 

• 
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e =lab angle 

¢ = center-of-mass angle 

~n = solid-angle increment (lab) 

~w = solid-angle increment (c. m.) . ' . 

C. Expression for Energy, of Scattered· Particles 

From t4e kinematics of the· ,general collision, the lab-system e~ergy 

of a particle of mass M
3 

scattered at the lab an'gle 8 from a particul'ar· 

reaction is 

M3Ml E lr jl .2 . 2 e'f 0 8 . E8 =~M + M )2 ;r cos + - r s1n 
1 2 L • 9 For protons ela~tically scattered from Be , to find E from E , knowi.ng 

0 p 

E 100 E sin
2 

8 
0 = sr p sin 2 .¢ 

For deuterons leaving Be 
8 

in its ground state, to find E
0 

from Ed'·. know-.· 

ing ¢, 

6. Mev 100 E sin
2 

8. E = -0. 1 +--==:-
o ( 2 · d sinz ¢ . 

D. Excitation Energy 

A formula giving the excitation energy of a level, if the difference 

in energy (~E) between the group corresponding ~o the level a~d the group 

corresponding to the ground state at the angle fJ i.s known, is 

M l + M2 ML M:3 1 1 { 1 ' ,.,. 2 
€ = M4 . ~E - M4(Ml + M2) Eo G:os fJ(r.~ ?)· 1 + 2 rr oln 8)., 

where an approximation~ = 1 :. 1/2 x ·(for.x < 0. 07) is· made in the· 

second term. The approximation influences € by less t.han 0: 1 perc'ent in 

the worst case. The value of ·r' (the equivalent mass ratio for the. in­

elastw collision) includes a guess for the· € .. The calculated value of e is 

very insensitive. to the .accuracy of this guess. An average value of E0 
may alf!O be used. · 



•. 

.... 

-19-... 
E. Differential Cross Section 

The differential eros s section (c. m.) corresponding to a parti'de 

group at 6 is given by the relations 

where 

• 

so that· 

.dO' dO' sin e d e 
dw = <m sl.n ~ d ~ ' 

-dO' 1 
e; 

cos 2 A 
em~ &oN NO:. p-T t 2iR ' 

A _ f •k· (co~nts ·m·gjcm
2 

Al) = 1.· ·. j· ~-dN ARJ · - area o pea · 1 ..- · F"iT . . . ':'i"n. R ~. 
f.l~Ou omo . . '-' v a~ 

Np is the number of protons per tJ.COulomb, 

Nr is ·~he number of nuclei in ·t~e target' 

per mg, 

t is the thiakness ·of the target foil 

·in mg/cm2. 

6.0 .. is the· solid angle of the detector, 

6.R is the differential range foil thickness in 'mg/~~ 2 
Al, 

. .- ,t 

C is the beam collection ·c~pacitor (~farads), 
V is the electrometer ~eading (volts), 

d.:R ·, 

9 6/ J . 2 . • 2 . 1 . 

dcr.=(e !15!x 10 )A c_os ~2. ~- r sin (J 
1

. 

dw . lin R t G . . a + JI 2 . 2 il J 2 
. z, d' em 1ste.ra 1an 

r cos u - r s1n u 

where e is the electronic charge in coulombs, and 

~e is the mass .of the Be 9 atom in grams. 

F. Rutherford ~cattering Formula. · Target Thickness 

A convenient gen~ral form for the Rutherford scattering cross.-sec-

tion formula for protons of energy E
0 

(Mev) 6~ target ZAis.. . 
' 

d 2 7 .Z 
2

. 1 2 
0' 1.28x 10- ·(1 +-) 

dw- 'E2 A 
0 

Integrating this to find the number scatte:red beyond a certain an'gle ¢
0 

and setting this eq:ual to l percent of the incident particles, we can solve 

.· 

, .·' 
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for the thickness of a target that will 'scatte:r less than l percent. of the 

incident protons outside the angle ¢. : 
• 0 

· t _ 1033 tng/cm 2 
·E· 2 A.:..z c~s ~/2 ~ 1 t' ·-; 

' '. ' \ 
. . l ' 

- . (R) . 0 - 2- [ 1 neg ec _mg -=-z 
· Z sinZ ~0/[J . .Pi 

w. r. t. A), 

where <R) is an average ratio to Rutherford scattering (experime.11tal). 

for Z. 
f 

G. Discussion of Errors 

All figures are fo~ the 24·in. scattering :chamber. 
' ' 

The calculation of the value. of the absa.iute differential cross sec.:. 

tion corresponding to a particle group ate depe.nds upon the following 

measured quantities, 

so that 

No.w 

so 

· da 
dw 

A 
·.lm.AR 

' tl'(j ·11· 

c,o.s /2 
t 

_dn aw (e) • 

A • b J ~ L>RJ dR = Clv ~ Ni (dR = 1 mg/c~h , 

oA _ '·(oc)2 . /ov)' 2 
I JiNi ) 2] 1/2 

A - ' ~ + · v + \t: N. - BG. 
:_ \ 1 . 1 ' ' . ' 

oc c =0.1%, 

0~ "' 0. 5o/o . 

varies from 2 percent (elastic peaks} up, and is· le.ss than 

5 percerit iri ·most other cases. 

point) 

(BG.. ::: background of ith 
1 

J
:::-::-:-1 . 

OA -::- ~ Ni · (statistical fluctuation) , 
A t(N.-BG.) 

1 ' ' 1 

/ 

t, . 
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ol\n r-fzod) 2 · o1 ·.2 I L/4 ·. _ . 
~='\~ +y·l =23% ~u d .. . I • l', 

\ \, J _j . 

d == 0. 1875 ± . 002 in. , (ID of collimator hole'),. 

1 = 6. 56 ±. 05 in. (dista:Q.·c~.-- target to c.olliinator}. · 
21 After Ashby 

2 l\R = 6. 22 ± • Oil mg/ em · 
0. 62 ±'. 06 
0.03 ± .02 . 2 
6. 87 ± . 064 mg/cm , 

OAR ---:cJf = 0 . 9 .o/o 

t 

.ot 
T 

. () 
O(cos /2) 

I'J . 

cos /2 

: 2 
=11.18 ±. 01 ~g/cm , 

::: 0. "l o/o,. 

- 8 . 8 = ~tan /2 0( /2)., 

' . . 

aluminurt{ foil 
second counter' 
third counter. 

()/ . 0 
( /2) -~ 45 ' . 

0 
~ 3 , (nonreproduci'Qtlity of target angle setting) . . . . 

6 
O{cos /2) 
-.--tJ::' 

. cos /2 
'I}'} . 0 : 5 lO at (} : 90 1 

- ; 

= 0. 1 o/o for oe = 0. 1° (table setting) . 

.. 
If·the cross section for .a reac'tion is changing rapidly with angfe, another 

' ' 

uncertainty bec.omes important whiCh depends upon the ~ccuracy of set-· 
' " . . 

ting the angle of the detect or. In the worst case (elastic eros£, section 
0 . . - • ' . 

at 20 lab), the rate.of change is 8 percent per degree, so that an 0. 8 

percent uncertainty mi'ght enter fo·r 68 = 0: 1°. . . ~ 
.. . 

Finally, the total relative uncertainty in the ~alue of the .absolute 

differential cross section -becomes 

(da) · 0 \dw ~ OA 2 2 2 2 2 2 
da = : (x) + (2. 3o/o) + (0. 9%) + (0. 1 %) . + (5o/o) 'C (0. 8%) J 
dw - " . 

l/2 
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= 6.0% for 0: -2% (minimum) 

OA 
= 7. 5% f?~ A = 5% · (average) . 

The value for th,e relative error above does hot contain any contriJ?ution 

to OA/ A by uncertainties in the points on th.e .range ~pectrum que ,to back ... 
' . ' . 

g'round fluctuation or beam-e'nergy shift. Thes'e two troubles arise from 

changes in accelerating con8itions in the accelerator or from drift: in the 

. analyzing magnet current. Backgro~nd (in the coincidence counting rate) 

~s probably due to neutron flux th:J;ough the det~ctor, which m1.kes. (n, p) Dr 

(n, a.) reactions in the separating foils s.o that the .charged particle pene"" 

trates only the first two· counters. Large. shifts· in ba<;:kground (10%) and 

beam en~r gy (0. 15 Mev) last only a few minutes and are. eas~ly· detect .. 
. . 

able on well-defined peaks, but may cause unpredictable errors several 

time·s statistics in unfamiliar or complex portions 'of the ra~ge spectr'utn. 

The estimated errors in the cross sections for the higher levels (5. 0 Mev 
' ' ' 

and up) are based upon the possible exist~nce of one or two spuri'ou's 

points in each case. No analytical expression llas been derived to give..-
. ' 

this uncertainty in cross section. The experimenter, after examining 

many peaks on the range spectra and ~omparing similar portions,· meas~ 

ures the possible outside uncertainty by eye. The probable errors in the 

points on the angular distributions for the higher levels are arrived at in· 
this fashion. 

Variations in the excitation energy of a level from differept range · 

spectra may. be accounted for by fluctuatio.ns of the be a~ ene·rgy .between 

the elastic peak and thte peak corresponding to the energy leve1. · The' 

center of a peak may be found to within .a few percent, of the ·width of the . ' 

peak in all cases· in which the peak is resolved.from others. The width 
. . I 

of a peak in energy is generally.les.s than 5 percent of the energy Of the . . ' 

group of particles it represents, so that the energy represented by the 
. . . ., . . I 

center of the peak may he found to less than 0. 1 peroent o.r 0. 03 Mev · · 

(2 mg/ em 
2 

A l) at 30 Mev. The error in the· exc.itation .energy of a leve~ 
is the rms error from the scatter in the tabulated values.· :An energie:S 

0 4 
of particle groups are •based upon Smith's range -energy plot and are 

limited m determination of absolute value·by the uncertainties in·the 

plot. 
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RESULTS A~D CONCLUSIONS 

A Range Spectra 

Complete range spectra from the. elastic 'peak down to about 40 or 

50 mg/cm
2 

Al, ·where a.-particles make a larg~ contributi<?n,· were ob­

tained at 15°, 30°, 45°, 52-1/2°, 60°, 75°~ 90°, and . .l35° (lab) .. (See 

F1g. 4.) The 15 ° elastic pea'k was incompletebui: the ];learn e:ne-rgy may 
. . . 8 . . . . .. 0 

be determined from the deuterons from the Be grou,nd state. On the 90 

spectrum the· peaks ar~· {from right to left} the e1~stic pe.ak, 'the, 2 •. 45-. 
' 8 ... 

Mev level, the 6. 76'-Mev level, the deuterons from th~. Be.· ground state - . . 8 . . . . 
~the small sharp peak}. and the broad 3 -Mev Be. level ~ith the ll. 3 -· 

Mev: Be9 l.evel superimposed at the same range,· sugge~·tions .off~o · 
., . . . 

small peaks not outside statistt.cs {possible l·;L 5- and l7. 5-Mev levels), 

and the. i 9. 9·-Mev Be 9 ievel just as the 'three -body inelastic protons and. 

alphas statrt to rise rparkedly. 
. •' . . . . '9 . 

The portion of the range spectrum between e·xcitations (J3.e ) of 2. 5 

and 9 Mev y.~as ex.'amined with particular car.e at 45° (Fig .. 5), 120°, 

135°, and l50° (Fig. 6) to verify structure arpu~d the 6. 8-Mev level. 

Elastic peaks and fir.st-level Be 9 were taken al~ne at some inter-
.. .. . . 

· mediate angles to fill i~ angular distributions {Figs. S and '9) .. 

The spectrum of He ions (see p. 45, Fig. 18 ) was obtained at 30° by 

decreasing t,he gain of allli11-ear amplifiers by.afactor of 4. At this 

gain, stopping protons and deuterons give· pulses too smali to count, and 

pulses due to ~, s are reduced m. size to tha:t of protons wi'th normal gain. 

Th~ Be 9 impurity elastic pea_ks were examined twice at, 60° (Figs.· 

4 and 7), ·and a small portion of the range spectrun; £;rom gro-o.nd t.o8-Mev 

. exc1tation of protons scattered fro.m an. oxygen gas target was obtained 

at tr·e same angle. 

B. Energy Levels 

A -tabulation of the energies and correspbnding excitation energies of 

the dlfferent particle groups at., t,he va7ious angles appears in Table I 

;:the e'ntries below the. elastic protons.and "elastic'• deuterons are the 

beam energies for She~e peaks}. 

The value for the excitation energy of the 5.'0-Mev level was taken 
I ' 'J • 

from the small p~rtion of the 45 ° spectrum obtained with .good statistics.· 
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GAUSSIAN 

l I I - . 
. III 

I IJI 
l 

I . 
III 

SUBTRACTION II I \I 

50 

700 . 800 900 

RANGE ( mg/cm1AI) 

MU-7939 . 

Fig. 5. Portion of 45° range spectrum in vl,., 
cin1ty of 6. 76 -Mev level (solid curve), showing 
evidence for existence of a 5. 0-Mev Be9 e}{­
cited state (subtraction curve). 
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Fig .. 6. Similar portions of 120°, 135°, and· 
150° range spectra in vicinity of 6. 76.,.M.ev 
level, showin~ evi?ence for existence Of a 
7. 94-Mev Be exc1ted state (peak at left); 
Peak at far right is 2. 45 -Mev level.· · 
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·. J Be ELASTIC PEAK GIVES E0 ~ 31.21 Mev. 

I I 
.-~lo 

I I 

'1000 

1116.mg/cm
2

·= 29.39 Mev. 

· ·1 M=l6 (OXYGEN) 
. GIVES 29.32 Mev .. 

1100 

2 , 
1150 mg/cm "29.90 Mev. 

· 1 M=23 (SODIUM) 
· GIVES 29.89 Mev. 

l 
. [IRREDUCI!3LE 

BACKG~OUND · 

1200 
RANGE (mg/Cm 2 AI) 

. MU-8591 

Fig. 1. Beryllium ela~tic peak and spectnitn 
of longer-range protons elastically scattered 
from impurities at 60° (lab). · · 
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' .. 

dCT [ ,1 2 
• 

· dW rv i,(OO)j (NORMAt.IZEO) 

g = J<k-k'l2.+4llk'sin2 </>/2 . 

a· 1:35A113 'x I0-11cm 

10 

~* (i) 
<1l 
<t 
~ 

u. 
o. 
a: '' 

w ..... 
z .. 
w 
1.) 

1.0 'bl3 -.:...,. 

I 

l 

I 

</J (CENTER OF MASS) 
MU-.7925 

I,. . . 
Fig. 9. Angular distribution of the differ~ntial · · 
cross section f,rr the reaction p(31. 3 Mev) + 
Be9 .- p' +Be 9 . (2. 45 Mev) and the Austern­
Butler -McManus curve for 1._ = ·1 and r 0 =; 1. 35. 
(Curve not 'corrected for finite angular· resolu-· 
tion of ·l. 60). . 
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TABLE I 

Energies of ·Peaks and Excitations 

P~p I p~~~,-p~·~ ,p II l Do t I 

1· : .Dl I p3'· Eo · .1 'I 2 ' 2 .. 2 'Eo 

28. 30 lz6 ."~3 
I 

(30. 82.) 24~ 61' 30.60 z7. 62 ·19 .. ·s.z 
31.06 2.52 4.38 6.20 31:06 3.20 11.. 20 

- . 23·. 94! 30 ... 22 27.68 '29. 66 27. 12 18.99 
3.1. 14 2.57 6.33 31. 13' 2.77 11.'25 

2.9. 65 27.21 24. 30 2.3. 36 28.60 
31.65 2.51 5.49 ·6.45 31.62 

I ,. 

li9.2.9 25.62. 26.93 22. 96 28.20 18. 0'7 

1~1..27 2.42 . ·I 6. 4~ }1.17 2.88 11.45 

(29. 42) 24 .. 491c.3. 14 28.42 
31. 41 5.06 6·. 44 31. 41 

. ' 

'p 'i. 
,. 

p. 
' 6. ' 7· 

10. 3§1 8.:51 . 
1.9. 941'21. 64 . 

10~08'j 8.20 
19_.· 88\.21. 64. ·. 

' 

1 

. .+: 

'. 
' ' 

9:56 7.66 
19.8& 21. 71· 

J 
·' . 

Zl/2o 28.89 26.56 ~3 .. 74 . 27.60 25,02 9.45 7.-49· 
' 21'.'76 15 

I 

I 

I 
i 
l 

!. 

.I 

1 
I 
l 
1 
l 
I 
I 
i 
i 
' 

'3.1. 52 2.42 5. 3.4 

60° 27.70 25.42 .. 

30. 96 2.40 

75° 26.56 24. 30 
31. 33 2. 44· 

90° 25.2.0 23.04 
31.50 2. 40. 

II . 25.02' 22.80 
31.28 2.47 

120° {2 2.. 45) 20.33 
31.3~ (2. 45) 1 

135° 21.49 19.46 
'31. 46' 2.45 

I II {2.1 . 31) 
I 

31. 19 

I 150° (2.0. 70) 
j3~ .:39' 

Wld.Averag~ ?-.46 5.0· 
Er;ror(rms). 05 0. 3 
Number {l 0) (1) 
1 

3.1. 54 

21~7 ~6. 18) 
6.53 31.02 

20.35 19. 19 24.44 
6.69 7.94 3L 38 

19. 15 18. 12 22:44 
6.72 . 7. 87 31. 43 

I 
tl9. 01 17.88 22.48 
l 6. 68 7.93 31.49 

15.72 il6. 69 
t10. 80 7'. 96' . 
I 
i~s. 89 14. 82'. 

! 6. 78 8 .. 09 

!Is. 67 14.74 
: 6, 83 ·7. 98 

' 
·15. 20 14.40 
I 

6.80 7.84 
I 

6 .. 76· 7. 94 
o .. 06 0 .. 08 
(7) . (7) 

' 

" 

2.92 :19.84 

' 23. 72 16.73 8 .. 55 , .. 

2.84 1 L 47 19 .. .8.4 

I 
7. '7'8' f)' 25) 

·zo. 10 .(21: 72) 

19. 96 .. · 
' 3.l0 

.. . .,, 

19.88 (6. 6 3) ' ·3.25 (20. 43)' 
.. 

'' 
.. 

" 

.' 

.. 

2.99 11'.34 19.91 .21.69 
0 . l 7 0 ~ 1 2 .o . 0 9 0 . 0 5 
(7) (4) (6) : {5} .. 

Energies in parentheses uncertain or not ·measured directly. 
.•,· 

t 
l 
! • 
; ' 

I 

I 
! 
I 
i 

l 
l 

; . 
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(see Fig. 5). The subtraction curve is not as <:leari in shape as desired 

and has a large half width. A statistically poor portion of range sp~c­
trum at 15 ° yields a much lowe·r ex~itation (- 4. 3 Mev), different by' 

more .than an estimated error from the value at 45 ° .· 'I: he ·possibility of 

the ex.i-stence of two levels here is not remot~, but due to the· ldw cross 

section and unre solvable nature of the levels an attemp~ to establish mo're 

than one was not mad·e. 
. - 0 

The reader will note that at small angles ( < 60 } the excitatipns 
'·' .. 

corresponding to the6. 76-Mev.level in the·table are lowe.r ~n, yalue a~d 

increase with angle to 75 ° and remain constant ther-eafter. This be"" . . . 

havior could be explained by the existence o! a ''6. 2 -Mev11 level mi~ing 

with the 6. 76 -Mev level only at low angles, ·having the peak in its angu­

lar distribution at a more forward angle than that f6r the 6. 76 -Mev level 

(see Section D). The half width of the peak ob~-~in-ed from the 45 ° portion 

~Fi~ 5) is wider than the in~tr.umental width. Besides beitig e·xpiai~ed. 
by a mixture ol.two le~el~ this. can be accoti~ted for by a large'neiltr~n 
width of the level (if it decays by neutron emission), since it is 5. 2 Mev 

above the threshold for neutron emission. Doubt is cast on the latter 

explanation, however, because the particle width does not seem to in-. . 
crease noticeably with excitation to higher levels· above the. neutron·. · 

threshold. 

The 7. 94 -Mev level is observed at intermediate and backward angles 
. 0 0 0 .. 

and the portions of range spectra at 120 , \35 , and 150 serve to ver-

ify its existence (see· Fig. 6) .. It is narrower than the 6. 76-Mev level, 

and no ambiguity exists between values at different angles. 

The existence of the ll.-3-Mev level would have been :t-ather hard t,o 

establish with the r'ange method' alone at this energy, as the deuterons 

from the 3 -Mev Be8 level splash across its position in ran.ge at nea-~1~ 
. :' ' 

all angles. Rough subtraction· curves are drawn to determine its p_osi-

tion at low angles where partial resolution is. po~~ib_ ie. 
~ 

There is an. uncertainty about the nature of t.he peaks at very low 

energy (very high excitation). The existence of a· narrow level i:n .Be 8 
at 

17 Mev which decays by ga.mma emission is well known:
5 

An atte.~pt 
to match the variation in energy with angle of ·the very sharp pea'k ~n the 

range spectra with this level was made: As can be. seen in Table II, the 
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. .TABLE II . 

High Levels as D.euterons and Tritons 

- ... ,-.. 

CalCulated Do ! ·Angle Eo P6 p1 D4 . Ds D4 =.T D =T · Triton Energy 5 . 
' ;··---j-o f--

30.60 13.86 1l.38 14.54 12~88 17.22 15.27 18.23 I 
31. 06 17,49 19. 95' (6. 81 18.46 I 

I 
.. 

f 
30° 29.66 13.50 10·,: 96 14.54 13:7? 17. 22 16.27 •J 7:. 20 

31. 13 l 7. 19 19 .. 77 16. 15 16.91 . 
l 45° 28.20 12.78 l(). 24 1·2. 88 .} 1 ·' 38 15.27 13.50 . ·15. 67 
l 31. 1 7 16.88 19.54 16.77 18 . .35 
! 

5z 1;P' 21.60 1 I 12.64 10.02 12.00 14. .. 25 . . ~:5.00 I 31'. 54 16.67 19.48 17.36 
I .. 

60° ~6. 18} 11. 42 9.60 ?,72 ll. 34 9. 18 13.86 
31. 02 16. 77 18.77 20.82 I .. .. 

75° j24.44 1 0 .. 42 8.34 
I 16.66 19.09 l 31.38 

90° ' 22.48 .(8. 80} 
I 31.49 (17.10) 
I I - - - --------- . ·. 

' . 
Entries below the energies of the deuteron gr.oups are the excitation 

energies of levels of Be
8 

.. 

. 
• 

. , 

.. 

. . 

... 

t 

'· 

l 

.. 
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agreement between the excitations obtained from the very well defined· 

energies of this peak is rather poor• On the other h~nd the assumption 

that thi~ is a level' in s·e 9 leads :to Jriore -~onsi~tent.values fo.r the ex- . 

citatio.n energy (19. 9 Mev). The sa·me method of identification is us.ed 

for the 21. 7 ~Mev Be 9 lev.el although the determination is not quite ·.so . 

distinct because of a very much larger w1dth~ . 
. . . . . . .' 8. . ' 
There can be seen, just to the left of the 3. 0-Mey Be level in the 

75°, 90°, and 135° range s·pectra, two s~allpeaks definitely not.outside 
. ' . . . . ' ' 

statistics but very suggestive b~cause of the consistehcy of the excita-: 

. tion energies obtained from their centers .. ·Further work shoul~ be ~lone 

to prove or disprove the existence of levels here (14. 5- and 17. 5 -Mev 
9 . 

Be ). 
·. 15 

Oxygen 1s known. to have level~ at 6 and 7 Mev> ··If this element 

occurred in any great· concentration in the Be. foil, ·the peaks correspond­

ing to these levels would appear ~i~edwith.the Be 91ev~ls .of similar. · 
. 0 . . .· . . ' . 

excitation. The range spe~trum -at 60 was therefore investigate_d ab.ove 

• elastic peak {see Figs. 4 and 7f£or peaks due to elastic .scattering 

of protons from heavier nuclei,. and small pea:ks'were 'found that ax:e due 

toM= 16 {oxygen).and M = 23 (sodium). A gaseous oxygen target ._;.,as 

then bombarded with.protons of the same energy and the range spectrum 

at the same angle was observed from the elastic peak to excf,t.ation of 

about 8 Mev. 

The ratio of the eros s sections of the 6- and 7 :-M,ev levels to thaL 

of the elastic 'scattering .;.,.,as ol:Hained, and on the basis .of the area of the 

oxygen impur~ty peak an upper ·limit for the contribution of the oxygen 
. . ' 

levels to the Be inelastic spectrum could be ·estimated.· A value of about 

one fifth of the 5. 0:-Mev Be 9 level cross .section at this angle was o~­
tained for both levels together. The· accura.cy e>f st~tements ·about the 

5. 0 -Mev level has been taken to include this uncertainty. 

C. Angula_r .Distribution of Elastic Scattering_ 

The differ'en~ial cross ~section for elastic .~cattering has ·been me as­

ured with good certainty at 28 angles at ·small intervals betwe'en' 10° and 

_1 70°, and an experimental angular dis.tribution is plotted. (Fig. 8). By. 

varying the value for the nuclear radius one could obtain· a good fi~ of 
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~ z lh (Zka sin ¢/z)] to the data ~t forward angles with.~ bet~oeen 1 ~ 85 
L Zka sin ~z . . . , 

l/3 -13 . . . . : 1/3 -13 
and Z. 00 A x 10 em, w1th a best flt for a= l. 90 A x 10 · ern. -, . ,. 

The large :value for the nuclear radius is considered to be due to a:s sum· 
' . ·. ' ' 

in.g the Born·approximation, and is probably riot' a J:neasure of the actual 

nuclear size. 

D. Angular Distributions of Inelastic Scattering 

The differential cross section for inelastic scattering of pr<>tons at 

many diff~rent.a'ngles from Be CJ, resulting in its exCitation to all its 

known levels, has been measured. Angula~ distributions for each level 

are· obtained, and although uncertainties as high as 50 percent or even 

an order of magnitude are estimated for some of the gro~ps that a:re un.­

resolved or of low cross section, sufficiently well-defined· shapes result · 

so that comparison may be made. with the simple theory .of periph~ral 

scattering proposed by Austern, Butler, \and McManu~.23 They give 

~- Ut (ga)J Z. In this expression ~ is a me~su.r~ .of. the· rf\,dius of the 

nuclear shell in which the inelastic collision takes place, and I. is the 

change in angular momentum of the scattered proton or the ·change in .the 
. . . 

oroital angular momentum between the ground state and the level pro-

duced .. In general, the total angular mome~tum of the level J
1 

may be 
.. 

any integral (or half integral if the gr-ound state total angular· momentum 

J is half integral)' number between J -1.-1 and J+£ +1. (The ·spin of the 

proton makes·~ contribution of ± 1 or· 0.} The parity of the wave function 

for the· excited state is different (£ odd) or the same (.£ even) as that of 
·9 . :... 15 

the ground state. For the ground state of Be , J = 3/2 .. . 

The cro~s section .for the Z. 45 ..,Mev level is well defined at most 

angles, and a good angular distribution was obtained. 

trates that j
1 

gives a very good fit with 

r =- 1. 35 where a= r A 1/ 3 x l.0- 13cm. 
0 0 

Figure 9 ill us-

.. 
·'. 

' . 
A poorer fit .was found for r

0 
= 1. 30 or 1. 41. Thus J :: 1./2 •. 3/z,- 5/2, 

or 7/2, all even parity (£ = 1). The prediction of the a.-particle model 

is 5/2-. 15 ·An attempt was made to fit the data with J. = .z,. which could 

give J = 5/2-.· requiring a larger nucle.ar radius for the argume.nt of the 

Bessel function (to agree with elastic scattering and some other levels 
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giving r -I. 8). The best fit to the data (r = 2 .. 00} gave a.much too 
0 . ·0 . 

sharp angular di atribution ap.d passed through only three or four ·points 

near the peak of the distribution. On this evidence_, the conclusions were 

drawn that this level has even parity, in contradiction to the predict~(m 

of the a-particle model, and that the 'r
0 

obtained with the Born approxi,.. 

• mation ma'y not necessar.ily be the same fo~ all level's as weil as ela:stic 

scatterin.g. · 

In spite of :flOOr .cross -section measurements and the poss'ibility of. 

a mixture of .levels, a fit for the 5. 0 -Mev angular distribution was r:nad~ 
with j 1 and r

0 
- 1. 36. (Fig. 1 0). If there are two levels here, one or both 

are chara.cterized by£ = 1 because the ·c;ross s~ction drops ofr'so rapid-
- 0 . . . . . . . ' 

ly after 50 '(c. m.). but the value of. r might be a little different. In ariy 
I . . , 0 . . • . . 

case, J :;: 1/2, 3/2, 5/2. -or 7/2. with even parity.·_ 

For the 6. 76 -Mev level, where -evidence is stronger fc?r the exist­

ence of two levels, a single -l~v~l as.sumptlon leads .to a good fit wi.t.h j,l'' 

but with an extr~mely small nuclear radius~· r 
0 

= i: 17. ·To fit the ·dat~ 
well using a larger nuclear radiu~ requires .the use·of_two values gil.. 

' :' • ' i 

T~e two angular distributions;_ chosen to fit also the behavior M the ·ex-

citation energy with angle (Table I), have ~. = .1. 4b fo; both .. The sum 
0 0 0 . . . 

curve is ·a yery good fit forth~ experiment~lpoints (Fig. 11). ·For a-

single level, ·i = 1/2; ;3/2, 5/2, o~ 7/2, with even pa;ity. For two 

levels, the ''6~ 2-Mev" level has this'angular momen~um and parity arid 

the 6. 76-Mev level has J' = l/2, 3/Z. 5/2, 7/2 or .9/2 a~d odd p~rity. 
The 7. 94-Mev level has a very low cros_s section (-O. 1 mb/ster. 

ma:ximum) and the estimated error is rather high. From the general 

location of the experimental points and the knowledge thc;tt the eros s 
section is even smaller at forward angl~s, one can see that a higher .1. · 

is required. A fit is obtained _with j 3 and ~0 = ·1. 36 -~Fig. I~?. A ,lowe_r l 
would require a smaller r. The figure of r· = l. 36' is about a.mihimum 

. . 0· ' . 

for £ = 3; a fit could .still be obtai~ed with r
0 

= 1. 46~·. or. for £ > 3 1 with 

r =·1.8toZ.O. 
0 

at backward angles is questionable. 

The weight one should put• on the location of the' points 
.. I , , 

However; wi~h I. = 3,-. J • ;:= J/2, }/2, 

5/2, 7/2, 9/2, or. 11/2, with even parity. 
. .. 

The cross section for the 11 ~ 34-Mev level, while being almost itr? ~ 

possible. to determine at intermediate angles beca~se of'deuterons.,. 
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Fig. 10. Angular distribution of the differentia~ 
cross section for the reaction p(3l. 3 Mev) +Be 
-+ p 1 +Be 9* (5. 0 Mev) and ·the Austern-Butler- · 
McManus curve for i. = 1 and r 

0 
= 1. 36. 
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Fig. 11. Angular .distribution of the differen-· 
tial cross section for the reaction p(31. 3 'Mev) 
+Be 9 - p' + Be9* (6. 76 Mev and possible 
"6. 2 Mev" unresolved) and the Auster.n-Butler­
McManus curves for the two case·s - single 
level, 1 = 1 and r 0 = l. 17 (dotted), and two un­
resolved.levels with d~fferent l (2 and l) and 
same r

0 
= 1. 46 (solid curve). 
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is definitely increasing toward forward angles, indiC~ting' i. = 0 .. · An 

atte.rnpt to fit the experimental points le:<ids to a choice for the 'nuclear 
• . • J f 

radius which is either very large or very· small,·. 2. 00 < r <: 1.1:0 
' ' ·0 

(Fi.g. 13:. Since the 1 9. 9-Mev level gives ·a larger radius,-- the 'valu~ r
0 

• 2·. oohs preferred even though further work is indi<:at~J. he;~. If l ; 0, . ' -
J1 = 1/2, .?J/2, or 5/2, with odd parity. . . ·. 

. . . 
· The angular 'distribution for the _19, 9-Mev l'evel is tinqu~stionably· 

1. = 0 (peaked forwa;d} and r~· = 1. 81. The fit is q~ite 'go·od and 'the ~x­
perirnental points are well-determined (Fig. 14). Thl.s levei apd the 

2. 45 -Mev l~vel show that thE; periphe'ral scatt~ring .the'ory ~ay ¥i'e.ld · 
' . . . . . ~ 

quite a variation in r for the different levels. For the 19. 9-Mev level,. 
0 ' 

J' = l/2, 3/2, or 5/2, with odd parity. 
'.• 

Large errors in the 21. 7 -Mev level cr(jss section· make a match 

difficult. ·Since the· distribution is undoubtedly p~aked fo~~ard, ·:.t· = 0 '(s.· .. 

first indicated, but since the theoretical distributi~ms travel forward wit.~ 
.• 

increasing excitation, J.. :: 0 gives ·a much too steep dis~ribution. with ·a '.' 

decreased r ·. A fit is made with 1 = 1. a~d ~ = l'. 70((Fig'; lS). · The .. 
0 . 0 ' ·. .. 

resulting i is 1/2, 3/2, 5/2, or 7/2, with eve~ parity. · · · 
1• • 

The fit 'given by this theory at forward angles is unquestionable'for 
.. t . . . . ... 

the levels whose cross section is well detetmined, and it is felt that . ' 

definite information about 'le,vels rna.y.'be obtained with this method, ,even 
' , ' I' > 0 ' 

though the question about the wandering nuc_lear' r~dius i_s un~m-swe.red 

(c£. section C, Angular Distribution of Elastic Scattering}~ 

A sum~ary of the re~u.lts for the various )evelS 'is as follow.s; · · 

. E' \in Mev1 

2. 46 ± 0. 05 
5.0 ±0.3 
6.76,±0.06 
7. 94 ± 0. 08 

11.34±0.12 
1 ~- 91 ± 0.:09 
21.69±0.05 

1 \in n)· 

(ahd 11 6.2"~ . 
1 
1 
2(andl) 
3 
0 
Q 
1 

., 
• 

E. Angular Distributions of Deuteron G'ro1,1ps 

:a:. .. 
l. 35 ± .• 02 
l 36 ;!: • 05-
L 46 ± . 03 
l ~ 36 ± . 15 
l. 10 ... ·. 1 or 

. ·' i . 81 ± . 03,. 
1. 70 ± . l. ~ 

2: 00 + .. l 

't.Pe angular dependence of the differential cross section for observa-
. 9 . . 8 . 9 . 8* . ' . . . . 

tion of the reactions Be \p~ d} Be afld Be .. (p, ~) Be _ {3. 0 MevJ is ~lot- · 
. ~.. ' . . ' . . 

ted in Figs. 16 and 17. Attempts were made to fit the grouad- state group · 

.. 

. ' 
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1·0 

-BUTLER THEORY (NORMALIZED) 

L = I 
a = 1.4 (A 113 xw-' 3 em 

. ,. 
\ 
\ 
\ BORN APPROXI MATtON t' 

\ (NOR MALfZED) -- \ _al ~ L =I 
E~ \ 

(/) \ a= 1.4 .A
1
' 3 xi0-

13
cm ...____., 

t (/) V0 = 30.9 Mev ... 
-(J) 

<( 

'f \ :::E -
lL. 
0 

\ 
a:: \ w \ 

I ! ! 
1--z .. 
w 0.1 
(,) 

bl3 
'U"O 

30 60 90.' 120 150 

cp {CENTER OF MASS) 

Fig. 16. Angular distribution of the d{fferen­
tial cross section for the reaction p(31. 3 Mev) 
+ Be 9 ..... d + BeB, the Butler theory prediction 

·(solid curve), and the Born approximation 
(Daitch and French) curve (dotted). 
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angular distribution with normal Butler theory predictions for ·.J. = 0, l, 
. . 

and 2 in ~ach case. r·he best fit (.and .not a good one) is, obtained. with 

r = l: 4 (A 
1

/
3 + 1) x 10 .:..

13 ~m ·and P. ~ l, in good agre~ment with the .known 
. . . - . . 9 . . + . 8 . . 

chang·e in J from 3/2 (Be ~ to 0 (B~ ) . If, however, ·we consider the· . ' . . . 

pos sibiiity that the proton may pick up a neutron anywhere throughout 

the nuclear volume '(proposal of Oaitch and Fre!lch26 ) the integral in the 

Born approximation 'is ta:k~n over the whole nucleus instead of just a 

shell. .Th~s e~tension of the li~its brings. a factor ·into the angular-dis.:. 

tribution (see Append:l:x) with a singularity which maywipe out one ofthe 

minima and.gi.ve a distribution such as we find in Fig. 16. The par am-:-
. . 1/3 . .:.13 . . 

eter s' for this curve are r = 1. 4 A . X l 0 ' l = l as before, and ·the 

nuclear energy-well depth for the neutron v· = 30. 9 .Mev. 
. • 0 . . 

The 3. 0 -Mev level angular distribution can be fitted by no Butler 

theory expression-for J. = 0, 1, 2, or 3 with atly acceptable v~lue ·£or the 

nuclear ~adius. The eros s section decreases with. increasing angle much 
~· . . . 

more slowly than ar{y prediction. 'In this case Butler theory may break 

down becaus·e the width of the 3-Mev level is so large.· 

F. Other Particles 

A negative result was obtained,in a search of the low·-energy peaks 

·fr-om the data at different angles for a peak exhibiting the energy-vs. -
9 . 7 . 

angle dependence of_ tritons from Be (p, t) Be ground state. In Table 

II are listed the erergies of possible groups as tritons and the energy 

predicted for tritons at that angle and beam energy frotn the kinematics 

of the reaction. There is no obvious correlation. 
l 

No attempt was made 

to detect tritons by dE/dx measurements. The existence of monoener­

getic tritons is certainly probable, but !:he pre sent data are too inc om­

plete to verify it. 
3 . 

He and alpha~, although hard to distinguish from e_ach other, are 

easily separable from protons, since their dE/dx is .about four times as 
• . . 0 . . . 

large. The range:spectrum at 30 of particles of charge two (or greater) 

is plotted in Figure 18. ·No structure is evident that would identify the 

ground state of Li6 or Li 
7

. ·The en~rgy resol'ution of the detector is 

probably too poor to see any distinct group. 

The range of the Li
6 

recoil at 15 ° is about the s;:~.me as the minimum 
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Fig. 18. Range spectrum o~ He .(and heavier) 
ions from p(31. 3 Mev)+ Be at 300 (lab). · 
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observable range,. but rio attetnpt has yet been made to detect this ion 

.although it should h.ave a dE/dx about twice that of an o..and be easily 

s~par~bl~. Since th~ ·Counter telescope can be easily modified t~ de­

crease its minimum range and improve the. resolution at these .ranges, 

a future investigation of. the Be anCl heavier recoil-ion spectrum would 

be quit-e feasible at thi's beam en~;r:gy . 

. . 
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