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CHARGED PARTICLES FROM BERYLLIUM
BOMBARDED BY 31.3-MEV PROTONS
Remald G. kae S A

_ Radiati'on Laboratory, Department of Phys1cs .
Unwermty of California, Berkeley, Cahforma o

November 17 1954
8 . ABSTRACT

‘The range spectru,m of charged partlcles resultmg from the bom- - -
bardment of a thin beryllium foil by 31 3- Mev proton<2 has been meas—
ured at several angles. ' D - . _

In addltlon to prevmusly reported energy 1eve}s in Beg at 2.4, 6 8
and 11.3 Mev, ev1dence for new levels at 5.0,.7.9, 19.9 ard 21:7 Mev
was obtained. The angular distribution of each of the melastlc proton
groups has been analyzed on ‘the basis of the.Austern-Butler—'McM;anus
theory. In most cases this gave uﬁaxﬁbiguoﬁs ahswers for the éngular
momentum change for the reaction, assuming a reasonable nuclear
‘radius {a ~1.4 Al/3 10 1_3crn) For the two cases in which Be9 was
‘left in the 19.9- and 21.7-Mev excited states, a rather large nuclear -
radius {a ~1.7 Al/3 10 13cm) was required to give'a good f1t "The
elastic. proton, angular dlstnbutmn is in -good agreement w1th that glven '
'by the Born approximation. ' . _

Deuteron groups correspondmg to the Be8 ground 4state 'and first -

exc:ted state were also identified. Good agreement for the angular
' distribution of the ground-state Qeuterons is found with Butler th-eory
modified according to the proposal of Daitch and French. The group
leaving Bes in its 3.0-Mev level is peaked forwa;d 'a.n‘d dimipishes
in cross section with increasing angle ‘much less rapidly than any. .

Butler prediction.
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Radiation Laboratory, Department of Physms
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INTR OD.UCTION

A. Observatmn of. Energy Levels

Excited states of a nucleus may be studied by observmg scattermg
~ of charged particles by two differént mechanisms. Ina compound nus
cleus, ‘levels above the threshold for emission of the _ﬁype of-partrcle, .

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 'incldent’ particles . The
'bmdmg energy of a partlcle t6 the .compotmd nucleus determmes the low--
est observable amount of excitation above the ground state. Inelasflc
scattermg gives information on all excitations above the ground state of
the bombarded nucleus by 1nd1cat1ng the amount of e’nergy Ieft in the tar-
get ’Jcleus during the colhslon

Inelastic scattering of protons as a means of observmg exc1ted lev-
els of nuclei became feasible only after accelerators beécame capable of |
producmg protons with energies (in the Center of -mass system) greater'
" than the sum of the excitation energy of the level mvolved and the height )
of the Coulomb barrler of the compound nucleus The first experiments

' 2 yged protons of 6.7 and

“involving this process, reported in 1940, -
4 Mev. ' . ' * | . » ,
When the 32-Mev Berkeley pi'otori lineaf 'acce]'erator was built; pro-
tons with several times the energ1es 1mparted by previous machines be-
. came available in su_fﬁment quantities so that a survey could be made of
the inelastic spectrum of all nuclei to well-above their respectzve thresh-
olds for heavy-particle emission,. Inelast1c scattering exper1ments in-
volving carbon and aluminum, 9 beryllium .and car.bon.:l(_) helium, -19 20
and cadmium, tin, gold, and platinum, 24 haveé been done with this ma-
chine.. As energies of accelerators have increased, so has the problem

of resolving closely spaced energy levels. The ];e'v"_els of Al clearly

| .
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resolved by Dicke and Marshall3 with 6. 9-Mev incident protons became
a hopeless blur to Levmthal Martmelh, and- S11verman,9 even with the
ultranarrow e.ne‘rgy spread of the lmear—acceleratpr beam_. Brltt_en16,
using a NaI(T1) scintillation- couflter, obtainéd an ener'gy resolution (fvu'llf
width dt half maximum of the d1str1but10n of number vs. energy) of about
5 percent. The present detector, a dlfferent'xal -range proportumal
counter telescope, ‘was first used in 1ts present form by Benvemste and
Co rklg 20

good as 1.7 percent has been obtained for elastically .sca_ttered-pr.otons.

and analyzed thoroughly by Ashby2 1'. Energy resolutmn as

B. Inelast1c Scattermg

The mechamsm of inelastic scattering is p1ctured in two separate
ways.’ (1) The .compound nucleus theorylo 13 s.ays that the mcommg
proton is captured by the target nucleus Z , formmg a Compound nu-
cleus (Z + 1) 1 -in an excited state. (See Fig. 1) This ‘state lasts long .
enough for the new proton to circulate many times (Welsskopf) 0-_ This .
or some other proton may be re-emitted with an energy equal to or low- -
er than'its ini’tial energy. In the former case we have elastic scatter- |
‘ ing; in the latter, inelastic scattering The difference in ‘t’he‘ center of -
mass kinetic energ1es of the system (p + Z ) before and after colhsmn '
glves the energy left in_ excitation of the nucleus ZA The theory
states that protons emitted from a nucleus w111 have a centér-of-mass
angular distribution symmetrical about the angle /2 with the 1_nc1dent
proton velocity vector. o ‘ '

{2) r-I‘he second 'picfure of inelastic scattering??’ views 'fthe‘_ céllis‘ion
as a proton-nucleon interaction instead of a proton-nucleus i-nteraction.
In this scheme the proton does not penetrate.very dvee'ﬁly‘ in.tp 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 ve’ldcit'y.‘ Sinc_e the absorption
length of a proton in nuclear matter increases with its energy, we would
expect that at higher energies a proton would have more opportumty to
‘interact with individual nucleons before becommg a.bsorbed in compound-
‘nucleus formation. In compound-nucléus _formatmn at ‘higher energies,
the probability that the energy shared among all the nucleons will be |
reccncentrated in one nucleon becomes quite Small, so that the com- j

pound-nucleus contribution to elastic scatterihg_ and inelastic scattering - - |
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' Fig. 1. Energy level dxagram of melastm scat-
. tering of protons from target Z4, T
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resulting in very low excitations goes to zero with increasing energy.
Thus we would expect that the mechamsm respons1b1e for melastlc N
scattering would be pr1mar11y compound nucleus formation at low ener - -
gies (7.1 Mev, Dav1518), a rmxture of compound nucleus ahd peripheral
scattering at a higher energy (10 Mev,: Fxscher ), and predommantly
per1phera1 scattering at a still higher energy (31 Mev, this paper) At
very high ex01tat1ons (low-energy outgoing particle), hQWever, compound
nullleus forrnatlon might still be expected to play an 1mportant pa.rt

For a perlpheral colhsmn in wh1ch a nucleon, whose. wave number
is k (center of mass) before and kf afterward, changes 1ts ‘angular mo-'
mentum by £ units of §, Austern, Butler,” and McManus gwe for the an-

gular distribution of the differential cross section

do . {. 1. 2

5 PRl
wher_e a is the radius to -the spherical shell of t.he.nu(cl‘eué in which the
collision rnay" take place, .and jl"is the regular sphefical Bessel fu'riction

of order £. For backward scattermg large momentum transfers are re-

quired, so the Born approxxmatmn is no longer apphcable
hY

C. Elastic Scattermg L

Elastic proton angular distributions may be predmted in shape by the
simple theory of Fraunhofer dlffractmn by an opaque disc (cf. the optical
model of the nucleus14 ) in cases where the effect of nuclear d1ffract10n
is many times that of Coulomb scattermg {For berylhum thh 31-Mev
protons the ratio to Rutherford scattering is as hlgh as 40.) The Fraun— '
hofer diffraction formula may be obtained by use of the Boi‘n approx1ma-_

tion. The scattering amplitude f(f) is given by

@ Vir) 4 dv, L
where 41 and’ Lpf are the wave functions of the 1ncom1ng and the outgomg ‘
proton and have the form__ ' '
-~ 1k r
s .
V(r) is the mteractwn potent1a1

V(r) V., r =a;

e

H

0, r>a (a is the nuclear radius),
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dv is the volu"me element,

dv = 2w r.Z sin 6 dr dB

So, , ) Lo . T
f(ﬁ) ZTTVO( T - f‘r_ etfoT 2 sin 6 dr 46" -
. SN ,
~4“V 51n|k0 - kf{r dr e .
. ‘ - kflr ' S )
since
‘(12;.-1_('0)-;=|1?f-klrc'036,
. a 2 . ‘ _ . .
‘-,f(¢)~4vvof joteririar, o gzIE Rl
o ' - . " - . . . )
~4nv s> JLig3) , .
o . ga '
therefore,
~f2(¢)~, jl(ga) . - X . . '
~ dw : | sa ' _ - {(Fraunhofer diffraction)

It is interesting to note that inelastic scattering is'a similar d'if; -
fraction phenomenon resultmg from mterference among the coherent
waves of different angular momentum after the colhsxon . ‘The ‘distribu- '.
“tion is then character1st1c of the change in angular momentum 4 suffered
by all these units of the incident- proton wave front . and 1s s1m11ar in
form to the last mtegral above with the lower ]1m1t greater than zero
{mtegratmn over a perlpheral shell) and the order of the Bessel function

equal to £. oy

]

D. Deuteron Production

Deuteron productmn may be thought of as an inverse. Butler stripping.

process - The Butler theory 122

is also concerned with a per1pheral
region--one of thickness less than the size of the deuteron 50 that one.
nucleon is captured and one scattered in passage by th_e nucleus.. The
angular distrib ution of deuteron produetion may; be comoa‘fed Withfthat .
of Butler stripping by making use of the principle of defailed ba’lance'.
The shape of the‘Butle'r-stripI.Jing angular distrib ution (see Appendii{)

*
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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. Hlstory of Berylhum Levels . N
' 9.

An energy level of Be’ was first reported by Davis and Hafner in -

1948 5,6 at an excnanon of 2. 41 Mev, observed by inelagtic scattermg
of 7. l Mev protons onto photographic plates at one'angle’ (37° )., This

8’.‘1‘7 and remamed the

was ver1f1ed by a nurnber of other observers, '
only mformatmn on the energy- -level structure of Be9 until 1952 ,When
Dav1518 pubhshed an angular distribution for this'level vobt_amed with '
the above éxpérimental means, and ]:"n'itterl16 reported‘ the results of t}:le |
- films of his scintillation spectrometer pulses obtained at the linear =
a'ccelerétor Britten observed the inelastic spectru'm of brotoﬂs from .
beryllium at 1aboratory system angles of 90 1‘250, and 1600, ’and re-
ported, in add1t1ox?1 to the first level, seelng new levels at 6.8 and 11.6
Mev.” The exper1rnent reported here was well under way at that t1me

“and had already verified the exxstence of these ]evels .An angular dis-
tribution of the differential cross sectlo’n for productlon of, deuterons

from the Beg(p,d)Be8 Feaction was reported by Harveylz in 1951.
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EXPERIMENTAL APPARATUS

A. Beam Defining for Scattering

~ The linear accelerator bearn after leavmg the last acceleratmg gap,
has a diameter of approximately 1/4 in., an energy spread of less than
1 percent full width at half maximum, and an angular dlvergence of about
10-3 radian. The collimati;lg s‘y‘"ste'm (see Fig. 2) to shape and locate
the beam for scattering exper1ments consists (1n the order, that the beam
traverses them) of a remotely adJustable four-jaw collimator C1 (pre—
magnet colhma’cor) an analyzmg magnet whlch bends the beam through
20°, a second manually adjustable four-jaw colhmator C (postmagnet
colhmator;, and a beam-shaping collimator C con51st1ng of 'a 1/8-in,
circular hole in a carbon disc followed 1 ft and 2 ft later by 5/32-1n and
3/16-in. holes to hml’c slit scattermg The size of thev beam at the tar- -
get is between 1/8 in. and 3/16 in. w1th a maximum time-averagefm.ag-:
nitude of 10 -8 amperes. The beam-shaping collimator méy be r.etfaCted,
for alignment purposes, without breaking the vacuumn. The beam hne 1s
initially determined by the postmagnet collimator and a plcture of the
beam burned into a glass plate at the exit port of the scattering c_ham—
ber. The beam-shaping col.limator' and the scattering chamber cente.i-' |
line are then accurately located along this line by use of a transit mstru— s

ment

B. Scattering Chamber and Equipment

The scattering chamber is the accelerator’s 24-in. remotely con- .
trolled scattering‘ chamber.24 The 0° and 180° positions of the table as
determined by the solid—_.angle-définin'g collimator mounted on the table =
at a radius of 6.56 in. in frong of the cﬁounter’vt-elescope are aécuratély
aligned on the beam line (see above) and are easily reprodﬁéiblé to 0.1°
The targeé-ho]-dér ceniering and angular calibration are also checked at
each realignment of the vcollimating system. ,The remotely cdntro_ﬂed
absorber inserter between the solid-angle-defining collimator and_the' |
counter has ten soleﬁoid~operated‘sliding frames with 3/4-iﬁ -square
openings Ten aluminum foil absorbers varying ({in powers of 2 times’
1.5 rng/cm from 1.5 mlg/cm2 to 768 mg/cmZ are mounted on these

frames, perm1tt1ng choice of absorber in steps of 1.5 mg/cm2 from
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BOMBARDMENT GEOMETRY
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' . . o MU-8530

Fig. 2. Bombardment geometry
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0to 1534.5 m‘g/cmz. The ta'rget is'a 0.002-in. berylhum foil of th1ck~
ness 11.18 mg/cmz_ with area 3/4 in. by 1-in. The vacuum in the cham-
ber in which all the components of the range telescope are 1mmersed 1s
maintained by a small vacuum package {diffusion pump plus mechamcal
pump! at a pressure of about 10 -3 mm Hg. Some earlier d.a-ta.Wer_e taken
with a smaller 1 -foot-diameter scatteriﬁg _chamb'er'with' fixed poi'ts,
eQLery 7.5° on alternate sides up to‘90°. The counter eqd' absorber in-
serter were mounted outside iéee Benl'venistel'9 and Ashbyu). : |

C. Counter ' 3 PP T

19, 20

The counter ' consists of .thr_ee multiple -wir_e‘parallel-plat_‘e'p_fo_:
portional counters; each 3/8 ic thick, se‘pareted byl 5 and 6 m‘g’/cm'z |
Al foils and- operatmg from a common hv supply mka common gas vol- 2
ume (1/2 atmosphere of 96% argon and 4% CO }. The front window 1_;;, 3 :
l-n. circular aperture covered by a.0.001 -in. ‘durai foil. Each counter -
has a sensitive area greater than 1-1/2 in. square.. These dimensions .
are sufficier;tly large so that protons scattered by the absorbers located
between the 3/16—in diameter solid‘—angle -defining collima'tor'a'n(vi fhé'
counter do not miss the sens1t1ve area of the last counter in any S1gn1f1cant[ '
percentage {<1 percent) 19 . The.absorbers are p051t1oned so that the
thickest is nearest the counter. . o '
All signal and hv leads are brought into the chamber and connected
with the counter in normal atmosphere inside a pressuret1ght chanrel
so that the hv may be operated mdependently of ;he degree of vacuurm or
~ kind of gas {in gas-target experiments) in the chamber. Earlier ex;;eri-
menters Aexperienced difficulty in preventing breakdown of voltages neaf
1000 v across standard hv connectors at pressures around lOOp. or in .
helium gas at STP. ' L ’ 7
Charged partlcles scattered into the solid-angle ~defining collirnatcr -
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 pu]ses so that the f1rst two are in coincidence and
the last (beyond the 6 mg/cm2 AR foil) in anticoincidence, we count only
those particles traversing the first two counters and some part of thev )
AR foil but not the last counter. In this way we can count all-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 4
many times as large‘ as those particles or phenomena creating noise .
pulses and accidental coincidences; so that a bias l‘e.vel for acceptance
of pulses from the fir-st two counters may easily be set somewhere be- .
tween the two groups of pulse heights (plateau fneaSurement). The bias
level for acceptance of pulses from the third counter is set vz.vis low as
possible, just above the noise level, so thaf it counts a parti'cle' that just
emerges from the AR foil. (See Aslhbyz-1 for analysis of plateau meas- |

urement and discrimindtor bias adjustment.)

D. Electronics . ‘ . o

The hv supply is a-0-2 kv photomultiplier supply furnishing 1100V to -
operate the three proportional coﬁnters. The signal from.,ea'ch"counter
goes through & pre-amplifier to a linear am’plifi_ex_', (LA) (See F“igv. 3)- ,‘l |
The individual ga‘_ins of the linear afnplifiers are set to account fér’ any
difference in gas multiplication that might exist in the counters. In prac-
‘tice very little difference in setting is 'obs'e'rs}ed. The pulses from the '
linear amplifiers, set so that the largest-are just ovérl‘oading‘,:’énter ,
variable gate (VG) and delay units where the acceptance bia'ses,‘devlay’s,
and pulse lengths for the coincidence circﬁits are adjusted. The pul._se"s
from LA']l and 2 are made 0.5 psec long and the pulse frofn- LA 3 is made
1.5 usec, overlapping ! and 2 op e'ach side in time. The timing is set . .
with a pulser fed through the linear amplifiérs. The jitter in time of the
pulses from the first two proportional counters ha‘s_ been m'e,!as'u-red.to be -
about 0.05 psec, a -very: small part of the pulse width.s. .Th.e jitter of
3 with respect to 1 and 2 is a;igther story, however, being about 0.5 psec.
An overlap of 0.75 pseé is found to,cov'er'. this suffiéiéntly, The VG gate -
pulses are mixed in one qtiad of an eight-chanﬁgl quadruple mi_xe'r:. 'The‘-
coincidgnces and singles are monitored with séalers.{.A-fourth VG and
delay unit is fed with the ihput signal for VG 2. The pulse is delayed seve
eral p.se.c and fed into the second quad of the eight-channél mixer élong -
with normal pulses from VG 1 and 3. The rate of accidental cpinéidengés
may be monitored in this way. All electronics is .stand’arld Radiation Lab-'

oratory design. . L ,
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. E. Beam Integ,ratof K

19

The beam:is collected in a F;rada’y cup. *. .The charge is. mtegrated :

on a capacitor known in value to 0 1 pércént  The voltage across the
capacitor is measured by an electrometer and read on a rebordmg volt—

meter. All components are standard and of , prcwen prec1s1on

NPTV
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REDUCTION OF DATA

A. Range-Energy Relation

All data are taken in the form of a range spectrum—;-that is, the
number of part1c1es of range between R and R+AR passing through the.
so]'} -angle-defining colhrzator per unit charge of collected beam.
Smith's range-~energy plot” for protons in Al 1s used to obta1n the ener-
gies of the particle g‘roﬁ’ps. In addition, in order to interpolate between
entries above 15 Mev, the relation - ' o

1.778

R = antilog (0. 43620) E +2.0 mg/cm Al

Mev .
was derived from entries at 15, 23, and 32 Mev and fitsall int'ei'me'diate‘.'

entries to + 0.2 mg/cmz

B. Transformation: Laboratory to Center-of-Mass System

The transformation from the laboratory frame to the center-of-mass
frame of reference utilizes the nonrelativistic formulas, '
_sinfl - | | o
tan 6 = g : S

T

cos_¢ = eo-s g vl—r‘2 si'n2 8 - r'vsinz'e‘,
sin(f - 6) = r sin 6, and
Aw:51n¢Aﬂ_(rc086+ lrzstG ‘)2_'.v !
_ZQ sin 9 A8 ' T ' ,

'-\/1-1-_ sm2 )

and the equivalent mass ratio r is given in general by

1 _MM My +M; Q - €
g 1 0

1773 o)
where the reactmn is

'M1+M +(KE) - M,

2 3
and Q

(M +M)-(M +.M,)v

+ M 4 (KE)f + €; (M is bombardlng part1c1e)"v |

i

i

nuclear excitation energy

]

€
E.(3 lab energy of incoming proton. ( KE )
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8 = lab angle . _ |
§ = center-of-mass angle
AQ = solid-angle incremenf '(l'a'b)
Aw = solid- angle mcrement {c.m. ) V 4 L

C. Expression for Energy of Scattered Particles . | o

From the kinematics of the general collision, the lab- system energy :
of a particle of mass M, sca}ttered at the lab angle § from a partxculaxj .

reaction is

M, M, | E, | \/ 2 .2 12‘
Eezmz I_'2_'chos_9+ ;,—r'sln 6

-4 .
For protons elastically scattered from Beq, to find Eo from 'Ep" knowing -

g,

_100 [ sin’e S

For deuterons ledving Be8 in its g‘roﬁrid state, to find Eo'fz‘om Ea,‘vﬂ know - -

ing ¢,

-~

-

E =-0.61 Mev + 99 g sin 0
- B =06l 7T Fagarg

D. Exc1tat10n Energy

A formula giving the excitation energy of a level, if the dlfference '
in energy {OE) between the group correspondmg to the level and’ the group

corresponding to the ground- state at the angle g is- known is

My +M, M, ' :
1 »] 1'_ 1 ot . 2 )
€ '———-m—4—— AE - 4(M1 + ™M ) O €OS 6(;——;-')(1 + -2- rr » sin 9) N '

where an approximationy/l - x = 1 212 x “(for % <0.07) is made in the -
second term. The approximation influences e.by less than 0. 1 p'ex;c‘ent in
the worst case. The value of ' (the equivalen't mass ratio for tﬁ_e_, in- _
elast, colhsmn) includes a guess for the €. The ca1CU.Ia"ged value of € is‘
very insensitive to the accuracy of this gueSS An average value of Eof

may also be used. -
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E. D1fferent1a1 Cross Sectlon

The differential cross section (c. m. ) corre5pondmg to a partrcle

group at 6 is given by the relations .

do _ do . ém 6&6

% @ ot P

do_ 1 cos oA e
™ ANN, —t - AR’
por o7 .

1dR

pe oulomb

where A = area of peak (c0unts mg/cm A‘l) =&V f [jiN ARJ' dR ", -

Np is the number of protons per pcoulomb,

NI‘ is'the number of nuclei in‘t,he‘farget'

per mg, : : ’ ; N N |
t is the thickness- of the target fml : _— d o

b o[ o

in mg/cm® - _ | TV R © N

AQ is the solid angle of the detector, . A .
AR is the dlfferentlal range foil thickness in mg/cm2 Al,

O

is the beam collection capa.c1tor (pfarads)

<

is the electrometer readmg (volts)

9 6/ \_/ ) _1' .
o 10 ~cos 21 -r sm 6 2 :
so that’ 9T =& MpeX Al S s -, CTH f8teradian

' d ( RO AR ) [r cos 8 +\/1 - r¢ sin 9]2 L '

where e is the electronic charge in coulombs, and
Mg, is the massg of the Be? atom in grams.

/

F. Rutherford Scattermg Formula. - Target T'hickﬁess

A convenient general form for the Rutherford scattermg Cross- sec-7

tion formula for protons of energy E (Mev) on target Z

do .27 z° 2 1 2,
= =1.28x10 {1+ —) + cm /steradian.
do , o EOZ st P \ ~

Integrating this to find the number scattered beyond a certain angle ¢o‘

and setting this equal to 1 percent of the incident particles, we can solve
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for the thickness of a target that williscatte.rlle'ss‘ than 1 percent of the

incident protons outside the angle ¢o£

»

1933 mg/cm g A-2 cos 2 eglectmg-—z W Tt 1

®R) .‘ o 7.2 [_ZWZJG‘ gee 2 | .A/_c

where (R> is an average ratio fo Rutherford scatt'er-ing {experimental).
for Z. ' ' '

t =

4

G. Discussion of Errors -

- All figures are for the 24-in. scattermg chamber. |
‘The calculation of the value. of the abso&ute dlfferentlal cross sec-.
tion correspondmg to a part1c1e group at 8 depends upon the followmg
measured quantities, ' ' '
1

‘do _ A .c,o,s“'e/z R:le) 6)
do AQAR t  dw VT

so that

fdo\ . o, T aQ)
G(f&?‘oL@Az%éAQZ; 5AR\ 6t\-]2+ 5 cos’ z ‘ \
do \T A2 AR | |\t | cos

")

" .
e f ey j ‘&g‘.‘R} Ry Y ﬁi (@R = 1 mg/cﬁ;za,
: _ﬁ (C_) +,\§\¥>2 +< \/—Zl—Nl—l i 2}1/2 - : ’»
_'%C—: 0.1%, h
s % = 5% .

f\’ui——mm varies from 2 'percen't (éléstic _peaks)'up‘k,.v'and is less thaﬁ :
5 percent in-most other cases. {BG, = background of ith

point) . ‘

 6A _JEN o L
s.o - 'fTI\T:—B_GJ (statistical fluctugtmn) )
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588 fﬁ/z()a)Z L o2 Ve 2
_ = g = 2.3%, |
S AT I A B B j

d =0.1875 £ .002 in. (ID of collimator hole), .
2 =6.56 £ .05 in. (distance-- target to collimator). - -

After Ashbyz-l, ‘ .
AR =6.22 = .04 mg/cm 2 aiurhinufn"foil .
‘ 0.62 £ .06 © second counter
0.03 .02 -~ 2 third counter
6.87 £ .064 mg/cm", - S

. =11.18 = .(‘)llmlg/cmz,,.

i

0AR _

=R - 0.9%
t

5t

T

_0.'.'1%,'

fan 92 00%), - (Op)<as®

6(6/2) <3°, (honfeproducibﬂity of target angle s_et’ting)

6
b{cos /2)  _ 59, 41 g = 90°
. __‘6‘”‘ . ' ’.
cos /2
dfz ' ' » .
_..__/(M =0.1% for 68 = 0.1° (table sétting),
dQ ’
/dw S ) .

If the cross section for.a reaction is changing rapidly With'angl'e, another
uncertainty becomes 1mportant which depends upon the accuracy of set-
ting the angle of the detect or. In the worst case (elastlc cross, Sectlon
at 20 lab), the rate. of change is 8 percent per degree, so that an 0.8
t

percent uncertainty might enter for 86 = 0. 1°
Fmally, the total relative uncerteunty in the value of the absolute

differential cross section becomes

do\ ~ | S
5 : 5 : 1/2
(?j::;e_): : 92?) +(2.3%)% + (0. 9%)% + (0. 1%)% + (5%)% + (0 8%)7‘} ,

a":; L4
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= 6. 0% for Q.Aé = 2% (minimum) r. ’ .
, A ..
=7.5% f°1' -+ =5%- (average)

A

The value for the relative error above does not contam any contnbutmn :

to 6A/A by uncertainties in the pomts on thve‘range Spgctrum due to back- -

ground fluctuation or beam-energy shift. These two troubles arise from
~ changes in accelerating conditions in the accelerator or from drift in the
-analyzing magnet current, Backgfdund (in the coincidence c-o.uht.ing_ fé,te)
is probably due to neutron flux through the detector, which makes. (n, p) or .
(n, a) reactions in the separating f01ls so that the charged part1c1e pene-
trates only the first two counters. Large shifts in background (10%) and |
beam energy (0.15 Mev) last only a few mmu_tes and are_e'asgly' detect~
able on well-defined peaks, but'ma'y cause unpredictable err:'g-r‘s s‘evefal
time's statiStics in unfamiliar or complex portions ‘of the rapge’s\pec-tr;u,m.
The estimated errors in the cross sections for the higher levvevls (5. 0 Mev
and up) are based up'oh the possible ex’isténc_e‘o_f one or two spurious
points in each case. No 'analytical ex.pr'es,sion has been dézjiyéd_ _t_b give . '
this uncertainty in cross section. The experimenter, after’ exami’nihg
many peaks on the range spectra a_.nd comparing similar portions, meas-
ures the possible outside uncertainty By eye. The probable errors _i'n"'che".
points' on the angular distributions for the higher levels are arrived at in-
th1s fashion. _ - h ' o '
Var1at1ons in the excitation energy of a level from d1fferent range
spect ra may be accounted for by fluctuatlo,ns of the beam energy between
the elastic peak and the peak éorrespdnding to the energy level. \The' -
center of a péak 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 w1dth
of a peak in energy is generally less than 5 percent of the energy bf the
group of particles it represents, so that the energy represented by the
center of the peak may be found to les§ than 0.1 pergent or 0.03 Mev f{
{2 mg/cmZ Al) at 30 Mev. The error in the'exc:itation,energ‘y of a llev'el‘
is the rms error from the scatter in the tabulated values. All energie$
of particle g;:oups are'based upon Smith's range'-energy plot and are
limited in deter'mina'tion of absolute value by the unceftaintie_s in-the.

plot.
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RESULTS AND CONC LUSIONS

A  Range Spectra

Complete range spectra from the. elastlc peak down ‘to about 40 or
50 mg/cm Al, where a-particles make a ]arge contribution, _vwe‘x"e. ob'—."
tained at 15°, 30°, 45°, 52-1/2°, 60°, 75% 90°, and 135° flab). (See
Fig. 4. -'} The 15 elastic peak was mcomplete but the beam energy ma.y
be detexmmed from the deuterons from the Be8 ground state On the 90
spectrum the peaks are {from r1ght to left} the elastlc peak, the 2, 45-
Mev level, the 6.76-Mev level, the deuterons from the Be8 ground state
ithe small sharp peak,, and the broad 3- Mev Be8 level with the 11. 3-
Mev Beg level superunposed at the same range, suggestwns of two
small peaks not outside statistics {possible 14 5- and 17 5 Mev levels)
and the 19, 9-Mev Be9 level just as the three body melastlc protons and.
alphas start to rise markedly » I

The portlon of the range spectrum between excntatwns (Be ) of 2 5
and 9 Mev was examined with particular care at 45° (Flg. 5), 120°,
135°, and 150° [Fig. 6} to verify structufe around the 6.8 Mev level.

Elastlc peaks and hrst level Be9 were taken alone at some mter- '

" mediate ang]es to f111 in angular di str1but1ons 1F1gs 8 and’ 9). ‘

. The spectrum of He ions {see p. 4‘3 Fig. 18 ) was obtained at 30 by
decreasmg the gam of axl linear’ amphﬁers by a factor of 4. At th1s
gain, stoppmg protons and deuterons g1ve pulses too small to coun’c and -
pulses due to a’s are reduced 1n size to that of protons with normal gain.

- The Be9 impurity elastic peaks were e'xamihed twice at 600 (Figs‘. '
4 and 7}, 'and a small portion of the range spectrum from ground to 8-Mev
_excitation of protons scattered from an oxygen gas target was obtained

at the same angle.

B. Energy Levels

A~tabu1ati'oﬁ of the ehefgies and correspohding excitation epergi’es of -
the.different particle groups at the various angles appears in Table I
{the entries below the, e]astxc protons .and "elastic" deuterons are the
beam energies for tbese peaks}. o

The value for the excitation energy of the 5 0-Mev level was taken

from the smalil portlon of the 45° spectrum obtained wﬂ;h,good statistics -
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Energies in parentheses uncertain or not measured directly.

bt e e =
e

s T S

. _30'. : * ;‘.
, Eneérgies of Peaks and Exci@a‘tipvns-' S o
¢ P o L "—’1"'“«— ) 1 . DO N . DU .‘, . ¥
jAngle 2| P Py Py 1B L ES| Dy | Pyl Pg| Pp
v 8 ™ N - * B '.'_ T i Tt 5
J 15° |30.82){28.30126. 43124. 61 130.60127.62719.52110.35] 8.51
. 131.06| 2.52] 4.38] 6.20 31.06] 3.20{11.20[19.94121.64
I 309 130.22127.68 123. 94 29.66127.12118..99/10. 087 8.20
| 31.14] 2.57 6.33] 31,13} 2.77[11.25/19.88,21.64
| 45°129.65(27.21[24. 30|23, 36| 28.60 | SRR
i |31.65] 2.51) 5.4916.45] 131.62)
L ov 129.2916.93 ) 22.96]  '|28.20]25.62{18.07 9.56] 7.66
| 31,27 2. 42 1 6. 49} 31.17] -2.88/11.45| 19.88|21.71
L v 194y 24.49123.14]  |28.42] - R R
: 31, 41 5. 06| 6. 44 31.41) -
521/2° 128.89126.56 23.74 l27.60]25.02] | 9.45| .49
l 31.52) 2.425.34 31.54| 2.92| 1 19.84|21.76
| 60° [27.70 [25. 42 era7). je6.18 23.72{16.73] . 8.55] .
30. 96 | 2. 40 6.53] 31.02) 2.84/11.47| 19. 84
75° 126.56 24. 30 20.35(19.19{24. 44{ .. - 7.78] 6.25)
31.33] 2. 44 6.69| 7.94|31.38} 1z20.10{R1:72)
| 90°|25.2003.04| . [19.15)18.12]22.44]19.96] o
©. 0 [31.50(2.40) 6.72 7.87|31,43] 3.10 , o
Lo 125.02122.80 | 119,01{17.88]22.48]19. 88 t(6.63)
; 31.28] 2. 47 6.68| 7.93[31.49] 3,25 20. 43) ‘
120° |@2.45)20.33 16.69(15,. 721 . o !
31.38((2. 45 %.80! 7.96 :
135° |21.49(19. 46 115.89(14.82
[31.46] 2.45 6.78] 8.09
"Rl 31) 115.67(14. 74
131.19 | 6,834 7.98
150° |20. 70) 15.20{14. 40
31.39 ; 6.80( 7.84] | “ |
Wl Average 2.46 5.0 6.76' 1.94 2.99 11.34 19.91 21.69
Errorfms). 05 0.3 0.06 0.08 0.17 0:12 0.09 0.05
Number {10) {1} (7 (- (7)
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(see Fig. 5j}. The subtractlon curve is not as clean in shape -as deslred
and has a large half w1dth A statlstmally poor portion of range sPec- :
trum at 15° yields a much lower exc1tat10n {~4.3 Mev) dlfferent by ‘
more than an estimated error from the value at 45°) The" possxblhty of
‘the existence of" two levels here is not remote but due to the low cross
section and unresolvable nature of the levels an attempt to estabh_sh mo_re
than one was not made. . ' - ’ o
The reader will note that at small angles (< 60 ) the exc1tat10ns
corresponding to the 6. 76-Mev level in the: table are lower in value and
increase with angle to 75_ and remain constant thereafter. Thls be -
havior could be explained by the exis‘tence of. a ", Z-Mev"‘ level mixiﬁg |
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 for the 6. 76 -Mev level
(see Section D). = The half width of the peak obtalned from the 45° pOrtxon’
‘F1g‘ 5) is wider than the instrumental width. Besides bemg explamed
by a mixture of two leyels this can be accounted for by a large. neutron
width of the level (if it decays by neutron emxssmn) since it is 5.2 Mev o
above the threshold for neutron emission. Doubt 1s ‘cast on the latter
explanation, however, because the partlcle width does not seem to in-
crease notlceably w1th excitation to hlgher levels above the. neutron |
threshold. ' , ' .
The 7.94-Mev level is observed at intermediate and backward angles -
and the portions of range spectra at 120°, 135°, 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. o
The existence of the 11.3-Mev level wo’ul'dAha'.ve been r;;ther };a‘rd to
establish with the range method alone at this energy, as the deuterons
from the 3- Mev Be8 level splash across its position in range at. riea-ﬂy
all angles. Rough subtractlon curves are drawn to determme its pos‘n-_
tion at low angles where part1a1 resolution 1s posmble .
There is an.uncertainty about the nature of the peaks at very low
energy {(very high excitation). The existence of a narrow level in Be8 at
17 Mev which decays by gamma emission is well known.15 An afct‘e‘rppt -
to match the variation in energy with angle of the very sharp pea‘k on'the_

range spectra with this level was made. As can be seen in Table‘IﬁI,‘ ‘the
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: TABLE 11 .
High Levels as Deuterons and Tritons

Do 1T - T Calculated |

;fkngle E, Py Py D4 Dy D4%T Dg=T  Triton Energy
#°(30.60| 13.86 |11.38]14.5412.88]17.22|15.27|. - 18.23 .
© |31.06]17.49 [19.95] 16.81|18.46] e A
30°[29.66] 13.50110796| 14.54 | 13:77{17.22}16.27] - 17,20
3113 1719 [19.77 16,15 {1698 | o
45°28.20| 12.78 |10. 24| 12.88{11.38{ 15.27|13.50|  © 15,67
131.17| 16.88 |19.54[ 16.77[18.35] | ~ S
521/P127.60] 12,64 |10.02] 12.00|  |14.25] .. 15.00
T 131.54] 16.67 [19.48]17.36 - . N
60° |26. 18] 11. 42 9.60| 7,72[11.34] 9.18] 13.86 - |

31.02] 16. 77 18.77]20.82
75° 124.44] 10. 42 | 8.34
31.38| 16.66 [19.09

90° {22. 48! (8. 80
31.49{Q7.10]

. -

‘a . . ¢ . T . N .
Entries below the energies of the deuteron groups are the excitation
energies of levels of BeS. - ‘ -

i .
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agreernent between the exmtatmns obtained from the very well defined
energ1es of this peak is rather poor: On the otherhhand_the assumptlon
| that this is a level in Be9 leads to ‘more‘consistent':\‘ralues for the ex- B
citation energy (19.9 Mev) The same method of identification is used.
for the 21.7-Mev Be9 level although the determmatmn is not qulte .so
distinct because of a very much 1arger width. '

There can be seen, just to the left of the 3 OaMev Be8 'leve'i in t}xe A

75°, 90°, and 135° range spectra, two small peaks defxmtely not outside
'_stat1st1cs but very suggestive because of the consmtency of the excita~ B
‘tion energies obtained from their centers. ' Further work should be done .
to prove or d1sprove the ex1stence of levels here {14.5- and 17.5- Mev '
Be ) . .

Oxy‘genl‘is known15 to have levels at 6 and- 7 Mev I thi‘s'elem‘erit
occurred in any great concentratxon in the Be foil, ‘the peaks correspond—
ing to these levels would appear mixed with the Be9 levels of similar
excitation. The range Spectrum at 60° was therefore 1nvest1gated above

- e elasticpeak {see Flgs. 4 and 7) for »pea,ks due to elastic sc_attering

of protons from heavier nuclei, and small peaks'wére found that are due
to M =16 (oxygen) ‘and M = 23 (sodium) A gaseous oxygen target was ‘
- then bombarded with. protons of the same energy and the range spectrum :
at the same angle was observed from the elastic peak to excitation of
about 8 Mev. o | o -

The ratio of the cross sections of the’ 6 and 7-Mev levels to that
of the elastic'scattering was obtamed and on the basis of the area of t:he
oxygen 1mpur1ty ‘peak an upper limit for the contribution of the oxygen

‘1evels to the Be inelastic spectrum could be estlmated A value of about
one fifth of the 5.0-Mev Be9 level cross section at this angle was ob-
tained for both levels togéther. ‘The‘acc'ura‘cy of s;atéfnent'oaboutfhe

5.0-Mev level has been taken to include this ﬁncertairityl;

C. Angular.Distribution of Elastic‘Scat_tering“

The differ‘ent‘;i‘al cross section for elastic scattering has--been meas -
ured with good certainty at 28 angles at small intervals *bet‘-\v’éenvlovo and
‘1700, and an experimental angular distribution is plotted (Fig. 8). By.

‘varying the value for the nuclear radius one could obtain a good fit of

"o .
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(.l . h ¢ » . - - ‘ ’ .
!Jl (2ka sin °/2) to the data at forward angles w'it‘h_' a between 1: 85

[ 2ka sin»72
"and 2.00 A3 x 10713

The large value for the nuclear radius is con31dered tobe due to assu.m*

cm, with a best fit for a=1. 90 A1/3 x 10-’13' cm.

ing the Born~approx1mat1on, and is probably not a measure of the actual .

nuclear size

D. Angular D1str1but1ons of Inelast1c Scattermg

The differential cross section for inelastic scattermg of protons at
many d1fferent‘ang1es from Be(), resulting in its excitation to all its
known levels, has been measured. Angular Adistributio’nls for each levgll.
are obtained, and although uncertainties as high as 50 pérzc'ent or even |
an pfder of magnitude are estimated for some of the groups that are un-
resolved or of low cross section, sufficiently 'well—de.fir.med' shapes .fesult.v'
so that comparison may be made. \;azit'h the simple 'the'o’ryvof p‘e_riphe«r)al
“scattering proposed by Austern, Butler sand McManus'2'3. “They.gi‘ve( '

'Jf
nuclear shell in which the inelastic collision takes place, and £ is the

g.g lj (ga)] . In this expression a is a measure of the radius of the

change in angular momentum of the sc;tter_ed proton or the change in the
orbital angular momentum between the gfound state and.the level pfo«
duced. In general, the total angular momentum of the level J'v may be
any integral (or half integral if the ground state total angular momentum
Jis half integral) number between J-£-1 and J+£+1. (The =spih 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
the ground state. For the ground state of Be‘g; I=3/2" 1;5 |
The cross section for the 2.45-Mev level is well defined at most
angles, and a good angular distribution was obtained. Figure 9 illus - N
trates that j1 gives a very good fit wnh _ o o ‘ '
r =1.35 where a =z A3 x 107 Pem.

A poorer fit was found for ro 1.30 or 1.41. T‘hus_‘J‘ = 1/2, 3/2, 5/2,
or 7/2, all even parity (£ = 1). The prediction of the a-particle model
is 5/27. 15 aAn attempt was made to fit the data with £ =.2, .which couid
give J = 5/2—.‘ requiring a larger nuclegar radius for the argume‘n‘t of the

Bessel function (to agree with elastic scattering and some other levels
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giving r_ ~1. 8). The best fit to the data \r = 2..00} gave a. much too
sharp angular distribution and passed through only three or four po:mte
near the peak of the d1str1but10‘n On th1s ewdence, the conclusmns were
drawn that this level has even parity, in contradiction to the predmtmn
of the a-particle model, .and that the ro obtained with the Born approxi-
mation may not necessarily be the same for all levels as well as elastic
" scattering. ' _ | - -
In spite of poor cross sectlon measurements and the posmbdxty of .
a mixture of levels, a fit for the 5.0- Me_v angular distribution was rpade |
with Jl and T ~1.36 (F1g 10). If there are two levels 'here,‘"o'ne ot b'.oth'
are charactenzed by £ =1 because the’ Cross sectmn drops off so rap1d- .
ly after 50° {c.m.}, but the value of. T, mlght be a little dlfferent In any |
case, ' =1/2, 3/2, 5/2, or 1/2, w1th even parlty B | B
For the 6. 76- Mev level, where evidence is stronger for the e}nst- a
ence of two levels, a single - level assumpt1on leads to a good fit w1th Jl,.- o
but with an extremely small nuclear radms, T 1 17." To fit the ‘data
well using a larger nuclear radlus requires the use “of two values of 1.
The two angular distributions; chosen to f1t also the behavmr of the ex-
citation energy with an'.g‘le (Table I}, have Ty = 1. 46 for both. The sum '
curve is a very good fit for the expenmental pomts (Fig. 11y, For a. |
single level, J' =1/2; 3/2, 5/2, or 7/2, with even parity. ’For two’
levels, the '6.2-Mev" level has this angular momentum and parity and
the 6. 76-Mev level has J' = 1/2, 3/2 5/2, 7/2 or 9/2 and odd parity.
The 7.94-Mev level has a very low cross section (~0.1 mb/ster,.
maximum) and the estimated error is rather high. From the generai
location of the experimental points and the knowledge that the cross

section is even smaller at forward angles, one can see that a higher 2

is required. A fit is obtained with 33 and r = 1.36. (Fig. 1}.’.) A 1ower '£ 

T

would require a smaller r. The figure of - r
for 4 = 3; a fit could atill be obta1ned with T, 1. 46 .or for £>3,. with

x, = 1.8t02.0. The weight one should put~on the location of the pomts

-t

at backward angles is questionable. However w1th 2 =3, J .z 1/2 3/2,
5/2, 1/2, 9/2, or 11/2 with even parlty . »
The cross section for the 11.34-Mev ]evel whlle be1ng almost 1m-

posslble, to determine at intermediate angles beca_qse of.deutero‘ns,-

1. 36 is about a. mmlmum -
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is definitely increasing toward forw'a‘:.'d aug]es, indieati»ng’"l =0. An
attempt to fit the experimental pomts leads to a chozce for the nuclear
radius which is either very large or very smali 2 00 < r <1 10
(Fig. 13:. Since the 19.9-Mev level g1ves a larger radlus, the value ro :
‘ 2. 00/ts preferred even though further Workv is md;pated hez:e. I 4 =0, -
B - 1/2, 3/2, or 5/2, with odd parity. S o
The angular distribution fbr the 19. 9 Mev level is unquesmonably

PR

£ =0 !peaked forward} and r = 1.81. The fit is quxte good and the ex-
perimentai points are well 'determined (Fig. 14)_. Th1s leve_l and the '
2.45-Mev level show that the peripheral s.catte'rin_g tﬁe’ery m’ay yleld
qu‘ite a variation in r, for the different levels. For the 19. 9-Me'v ievéliﬁ o
3t =1/2, 3/2, or 5/2 with odd parity. . ‘ - - U )'
large errors in the 21.7- Mev level cross section make a match ’
difficult. - Since the distribution is undoubtedly peaked forward B =0 is.
first indicated, but since the theoretzcal d1str1but10ns travel forward with
mcreaSmg excitation, £ = 0 givés a much too steep distribution with" a .
decre_ased T A fit is made with £ = 1 and_ T 1 70<(F1g 15) The .
resulting J is 1/2, 3/2, 5/2, or 7/2, with even parlty R »
The fit given by th1s theory at forward angles 18 unqhestmnable for o -

the levels whose cross sectlon is well determmed and it 1s felt that °

definite information about levels may, be obtained with th1s method, even .-

though the question about the wandermg nuclear radius is. unanswered
{cf. section C Angular Distribution of Elastlc Scattermg)

A summa1y of the results for the various ]evels is as follows

.€ {in Mev) - £ {inh)y o Ty
2.46 £ 0,05 ' 1 - 1.35 % .02
5.0 0.3 1 1 36 .05
6.76 = 0.06 {(and "6 2"y 2 {and 1) 1.46 = , 03
. 7:94+£0.08 _ "3 ' 1._36#_.15-
11.34+£0.12 . .0 n, 1,10 <01 or200+
19.91 % 0.09 . S0 : 1.81 £.03. . '
21.69 + 0.05 -1 S1.700 1L

E. Angular Dlstrlbutmns of Deuteron Groups

- The angular dependence of the dszerentxal cross section for observa-'

tion of the reactions Be9 P, d) Be8 ahd Be {p,d) Be8 (3 (¢] Mev) 1s plot»

ted in_Figs. 16 and 17. Atternpts were made to fit the ground state group
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angular distribution with .n‘o‘i'mal Butvler ‘theory p‘r'edictions for'£ z 0, 1,
and 2 in each case. The best fit (. and not a good one) is, obtamed with

=1:4 (AI/S +1)x '1,3 cm and 2 =1, in good agreement with the known »
change inJ from 3/2 (Be ) to oF (Be ) If, however, we consider the .
‘pos sibility that the proton may pick up.a neutron anywhere throughout '
the nuclear volurne (proposal of Daitch and French ) the integral in the
Born approximation'is taken over the whole nucleus 1nstead of Just a
shell. Thls extension of the hnglts brings a factor into the angular dis-
tr1but1on (see Append1x) with a singularity whxch may wipe out one of the
minima and. glve a dxstnbutlon such as we find in Fig. 16. The param-
 eters for this curve are r=1.4 A1/3 10~ 13 d =1 as before, and the
nuclear energy.- -well depth for the neutron v, =30.9 Mev. |

The 3.0-Mev level angular dlstrlb ution can be fitted by no Butler
theory expression.for £ =0, 1, 2, or 3 with any acceptab-le value'for the
nuclear radius. The cross sectlon decreases w1th increasing angle much:
more slowly than any predlctlon ‘In this case Butler theory may break

down because the width of the 3-Mev level is so large.

F. Other Particles

A negative result was obtdained.in & search of the low=-energy peaks
“from the data at different angles for a peak exhibiting the energy-vs. -
angle dependence of tritons from Be (p,t) Be7 ground state.” In Table
II are listed the energi‘es of possible groups as-trltons and the energy
predicted' for tritons at that angle and beam energy from the kinematics
of the reaction. ‘There is no obvious correlation.  No attempt ‘was made
to detect tritons by dE/dx measurements. The existenee of monoener -
4getic_ tritons is certainly probable, but the present data are too incom-
plete to verify it. *~

He3. and alohae, a'l-thougrh hard to distinguish from each oth'er; are
easily separable from protons, since their dE/dx is about four times as
large. The range.spectrum at 30° of particles of charge two (or greater)
is plotted in Figur’e 18. - No structure is evident that would identify the
ground state of L16 or L17. ‘The energy resolution of the detector is
probably too poor to see any distinct group.

The range of the L'16 recoil at 15° is about the same as the minimum
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pbsé'rvable ‘range,, but ro attenﬁpt has yet b_eén made to detect this ion
‘a.lt'hough.it should have a dE/dx about twice that of an a',.and be easily
separable. Since th_écounter telescope can be easily médified-té de -
crease its minimum range and improve the resolution at these ranges,
a future inve sti’g_aiion of the He ahc_l heavier recoil-ion spect rum would

_ be quite feasible at this beam enexjg”y.
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