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ABSTRACT

A beryllium target has been bombarded with 12-Mev protons, 24-Mev
deuterons, and 48-Mev alpha particles. With the three projectiles, the
differential croes sections for inelastic scattering leading to the formation of
the 2.43-Mev state have been measured. Application of inelastic-scattering
theory leads to the assignment for this level, spin 5/2 and odd parity.

A very weak inelastic proton group has been found which could correspond io
a level in B39 at ~ 1.8 Mev. The obgervation of inelastic alpha-particle groups
corresponding to levelp at 6.8 and 11.3 Mev makes definite the agsignment of
isotopic spin 1/¢ to these states. The data obtained are not inconsistent with the
existence of levels at 3.1 and 4.8 Mev,

The pickup reactiion Beglp. d)BeS {(ground state) was observed. Although
the distribution is peaked forward ae predicted by Butler, the shape is the same
as that found at other energies. Such behavior is not consistent with the
quantitative aspects of the theory.

The reactions Begqp, np")Be8 and Beq(u.no.“)Be
of the angular distributione suggests that those processes in which the charged
particle retains most of the energy occur predominantly by direct interaction.

Finally, the elastic scattering of protons, deutercns, and alpha particizs
has been cbserved. Analysis of these distributions assuming a black nucleus

gives reasonable agreement with the positions of the diffraction effecte. The

8 have been studied. Analysis

radii of interaction that are necessary are large but consistent within themselves

and with those that fit the inelastic data,
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INTRODUCTION

Although the beryllium nucleus was early the subject of considerable
experimental invesatigation, 1 its energy-level structure is poorly and in.
completely determined. This is in part due to its very low neutron-binding energy.
Ag a consequence, nuclear reactions involving Be9 are generally accompanied by a
considerable amount of multibody breakup, for the escape of a neutron leads to
alpha -unstable Beg, Furthermore because the excited states of Be9 decay
predominantly by particle emission, the level structura cannot be investigated
by gamma -ray analyeis.

Shown in Fig. 1 is the energy-ievel diagram for Beqp 1 Levels above the
proton threshold have been excluded for simplicity., Data published gince 1954
have also been included.

Theoretical study of Be9 has been limited. Haefnerz has tresated the
loosely bound neutron as a perturbation to an alpha-particle model of Bea° In
the j-j coupling limit of the shell model, 3 the preperties of the lowest levels
should be due to the single PS/Z neutron. Recent extensions4 of the shell model

ier’I'hiea work was done under the auspices of the U.S. Atomic Energy Commigoion.
A preliminary report was presented at the L.os Angeles Meeting of the American
Physical Society in December 1955, and in Phys. Rev, };99_1. 1795 {A} (1955) and
Bull. Am. Phys. Soc., Series II, 1, 153 {1956).

TNa.tionai Research Council of Canada Special Scholar, 1954-.56, now at

'Departroent of Physice, McMaster University, Hamilton, Ontario, Canada,
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to intermediate coupling are laborious but appear to be more realisticc. Un-
fortunately, with so little experimental data available, the predictions of these
models can hardly be put to a rigid test,

The present inelastic -scattering experiments were carried out with four
goals in mind:

(1) To verify the exiastence of the 1.8-Mev level and to determine the
cross section for its formation, .

(2} To study the crosg sections for formation of the 2.43-Mev state and
hence resolve the disagreement in parity between the results of Ribe and
Seagrave5 and of Finke,
| (3) To see if the analyeis of proton, deuteron, and alpha-particle data
would permit an unambiguous spin assignment for that state, and

(4) To examine as many of the more highly excited states as reaction
kinetics and energy resolution would allow.

During the courpe of these measurements it was convenient to determine
the cross sections for elantic scattering. These are of interest because they
permit determinations of the radius of the beryilium nucleus and assist in
the analysis of the inelastic data. A comparable radius of interaction may be
derived from measurements on the Beg(p. d)Bea8 pickup reaction. In order to
obtain the desired inelastic data it was neceasary to examine critically the
charged-particle spectra due to multibody breakup. Thie examination hae

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

EXPERIMENTAL

The external beam of proténs, deuterons or alpha.particles from the 60 -inch
cyclotron at Crocker Laboratory was used. Descriptions of this and of the 36-inch
scattering chamber in which the measurements were carried out are already
published. 7.8 Further details, with particular application to the present experi-
ments, may be found in a Radiation Laboratery report.

The detector conpisted of a three -charmmber proportional counter which per-
mitted identification of the scattered particles by their puloe hsight in the first
chamber and determination of their energy by range measurement. The counter
could be positioned by remote control at laboratory angles between 5% and 167°
from the beam direction. These were measured and could be reproduced to within

0.1°. The finite acceptance angle of the counter was about 1°.
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After passing through the target, a 1-mil beryllium foil, the beam was
collected in a Faraday cup. A conventional 100% negative -feedback electrometesr
and standard condenser permitted absolute measurement of the beam current.
The energy of the incident beam was measured by range determination with the
Faraday cup as detector, Average values (with total energy epread in brackets)

for these experiments were as follows:

protons 12.0 (0.2) Mev

deutercns 24.0 (0.4} Mev

alpha particles 48.0 (0.8) Mev.
Beam alignment was checked and the angular spread of the incident beam
measured by scanning the collimated beam with a narrow slit in front of the
Faraday cup. These measurements were facilitated by the use of an auxilliary
beam monitor in the form of a Nal crystal and photomultiplier which viewed the
target at a permanently set laboratory angle of 20°., Combination of the angular
spread in the incident beam and of the finite acceptance angle of the detector leads
to an angular resolution eomewhat better than 2°. The differential cross sections

presented have not been corrected for this finite reszolution.

RESULTS

A. Proton Bombardments

The complete charged-particle spectrum was measured at 25° and 65° in
the laboratory frame. The 65° reoults are shown in Fig. 2. The observed psaks
are identified as foliows:

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

Ii. Elastic scattering from beryllium;

I11. Proton group which may be interpreted as corresponding to a level
in Be’ at 1.8 Mev but which may have another origin {see
discussion);

IV. Inelastic-proton group corresponding to the level in Be9 at 2.43 Mev;

V. Deuteron group from the reaction Beg(p, d)BeS(ground state) with,

possibly, a small contribution of inelastic protons (3.1 -Mev level);

Vi. Mixture of deuterons from the reaction Beg(p,d)Bes*(Zo‘? -Mev level)

and inelaptic protons (4.8 Mev level).
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The 6.8-Mev level clearly manifested itself at 25° where the inelastic-proton
energy was great enough to permit scanning above and below the peak. In the
light of this, the bump in Fig. 2 at 15 mg/cm® is presumably significant and
due to inelastic scattering to that same level. The maximum range of protons
from the three-body reaction Beq(p, np")Bez8 is shown by the arrow to the right
of peak IV. All ranges less than this are kinematically poesible.

The 25° data are essentially the same. As mentioned, a peak corresponding
to the 6.8-Mev level was visible. Because of a considerable increase in the
general continuum, peak VI was not so prominent. The small peak I was
completely obscured by an elastic peak fifty times larger than that at 65°.

The elastic group was measured at suitable intervals from 7° to 167°,
Where vigible the oxygen el astic peak was generally about 1% of the beryllium
peak. The cross sactiono for elastic scattering obtained from these data arxe
shown by the solid points of Fig. 3.

Peak 11l was examined in detail at several forward angles. Poorer
resolution,due to the necessity of a reflection target at scattering angles beyond
90°, preciuded the poesibility of detecting it in backward directions. in Fig. 4,
which showo data for three angies, the abscissa were converted from range to
excitation energy assuming the reaction Beg(p. p")Bego Table I summarizes the
observed excitation energies and formation crosc sections and includes the resulto

of less reliable measurements at 40°, The peak ghapeg are consistent with a level

width of As0.2 Mev.
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Table 1 )
L. NPT N
Characieristics of the 1.8-Mev ''level' in Be
L 6 Excitation energy dg, for Beg(p,p'}Beg
L CM (Mev) ae
(deg} (deg) {mb/sterad)
40° 44,5° 1.65 £ .10 ~ 0.5
50 55.4 1.76 + .03 .17 £ .08
65 71.% 1.82 = .03 0.15 %+ .06
90 97.0 1.91 % .03 0.16 £ .08

Peaks IV and V and the continuum in their vicinity were scanned at
suitably chosen forward and backward angles. The differential cross sections
for the inelastic scattering and for the pickup reaction are shown in Figs. 5
and 6. The significance of the curves will be discussed in a later section. The
total integrated cross section for the reaction Begip,d)]:?e8 is 40 mb. For the
inelastic scattering Beg(p, p“)Be9¢ (2.43 Mev), the same quaantity is 110 b,
Considerable 3-body breakup, was observed in the proton bombardments.
While such a reaction doas not manifest itself by the presence of a discr:te.znergy
particle group, it can nevertheless be studied by the method outlined in the
Appendix, The results of such an analysis for the reaction Begip, np")Bes are
shown in Fig. 7. The ordinate gives the differential crogs section for the formation
of the B08 ground state and the scattering of the proton through an angle 8 wheve
the available kinetic energy has been shared in such a way that in the center.of.
mass we have 0,90 Er;qax < Epg _S-Eprunax .

B. Alpha-Particle Bombardments

Complete alpha-particie spectra were taken at laboratory angles of 14.5°,
29.8° and 62.5°, Figure 8 shows the results for the largest angle. Data at the
other angles were essentially the same. Peak | contains particles elastically
scaitered from berylliumn. The second peak corresponds to the 2.43-Mev level
while peaks IiI and IV correspond to the higher states at 6.8 and 11.3 Mev,
respectively, Elastic scattering from oxygen was again evident but is not shown.
Identification of weak particle groups corresponding to levels at 1.8 and 3.1 Mev

was impossible because of insufficient resolution. There seems to be no clear
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indication of the 4.8~ and 7.9 Mev levels, although conditions for their obgervation
were more favorable. If these levels are broad or only weakly excited, their
presence may have been masked by the prevailing continuum. No attempt was
made to obsexrve protone in these measurements.

The elastic and 2.43-Mev inelastic peaks were studied at some 35 angles
from 5° to 90° in the laboratory frame. Figure 9 shows the differential elastic-
scattering cross section. The differential cross saection for inelastic scatiering
and the formation of the 2.43.Mev gtate is shown in Fig. 10. The total croas
gection for this reaction, up to eCM = 120°%, is 50 mb; if a flat angular
dependence is assumed at greater angles, the total integrated crose section is
56 mb.

As in the case of the proton bombardments, a2 considerable continuum was
observed. Since its beginning occurred close to the calculated onset of the

8,, it wag interpreted in that way. Because

three -body reaction Beg(a, na’}Be
of the compreesion of the enecrgy scale (gg- is greater for alpha particles than for
protons), the analyeis of the type discussed in the Appendix may have included
additional contributions due to an unresolved 4.8 Mev level and 3-body reactions

in which the ground state of Bes is not involved. Figure i1 showe the data with
these other reactione assumed to be negligible. The ordinate is the diffsrential
cross section for the reaction Beq(np na“)Bas in which the scattered alpha
particle retains most of the energy so that we have 0.90 En;a;x Lo E@." < EIZ?X .
The slight structure visible is probably not real, since it corresponds closely

to that observed in the cross section for the formation of the 2.43-Mev state

and presurnably has its origin in slightiy incorrect treatment of the experimentai

data.

C. Deuteron Bombardments

The same beryllium target was bombarded with 24-Mev deuterons, and
the charged-particle apectra studied as before. A targe neutron flux compounded
the difficulties of making the cbservations so that the data here are neither so
complete nor so well established. At all angles, substantial charged-particie
backgrounds were abserved, with the'targat both in and out.

Figure 12 shows the partial charged.particle spectrum taken at a laboratory
angle of 25.6°%, Even under the elaatic greup, peak I, the background is appreciable.
The strongly excited 2.43.Mev level accounts for peak II while peak V corresponds
to the 6.8-Mev state. The slight bump, labeled IV, is presumed to be due to the
4.8-Mev level. The origin of peak IIl is not so cilearly understood. Its position
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corresponds closely to that projected for an inelastic deuteron group ffom the
3.1-Mev level in Beg. However, tritons from the possible reaction Beg(d. t}Be
(2.9-Mev state) should have @ similar range. It was not posgible to identify thece
particles by discrimination in the detector owing to the weakness of the group and
to the background conaiating mainly of proton recoils. While it is probable that
(d.t) reactions do occur, as found at other bombarding energies, 10 it is poesible
that peak IfI {visible also in the 30° and 15° data} is partially due to a contribution
from the inelastic-deuteron group. A weak group corresponding to the 1.8-Mev
level would have been masked by the background. For the same reason, the onset
of the (d, nd’) reaction was not visibie.

Experimental points for the elastic differential crose section are shown by

8

the oolid circles of Fig. 13, The inelastic croses section for scattering to the
2.43-Mev state ie shown in Fig. 14. Measurements at more forward angles were
impossible because of the large elastic croce section. This swamping may be taken
as evidence that the probability of inelastic 2cattering continues to decreace

for 0 < 15°, For this reaction, the total cross section, which is rather insenaitive
to the behavior at small angles, is 44 mb. Analysis of the continuum was not
poesible in this case; in addition to the neutrom-initiated background, other
multiboedy processes, Beg(d, pn)Beg and Beg(e'l(i pZn)Bes
Begﬁd, nd“)Bea reaction.

» can compete with the

DISCUSSION
A. Elastic Scatterin}_

The solid curves of Figs. 3,9 and 13 represent the Ruthe rford cross
sections for scattering from a point charge. When the observed data are divided by
these cress aections, the dashed curves result. Interference effects are prominent.
Except at srnall angles corresponding to large distances of clogest approach, these
ratiog are greatar than unity. The accuracy of the absolute normalizations are
strikingly dermonstrated in two instances, however, by the fact that the measured
absolute differential cross sections are very close to the Rutherford cross sections

at the smallent angles,
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One of the simplest ways to interpret elastic-scattering data is to asswme
that the nucleus iz opaque to particles that in a classaical picture would "hit" the
nucleus. 11 Particles that "miss'" are assumed to proceed without interaction.
Such a picture is, of course, the more valid, the greater the observed ratio to
Rutharford scattering. Under thece assurnptions, the problem reduces to 2

eimple one in optics, and roughily speaking we have

8, 6.
ZkR {ain -}-’-t-L- - gin 1 } = ¥

2 2
where k is the wave number of the scattered particie,

R is the interaction radiue, and

th

Gi is the angle at which the i maximum is observed.

A pimilar relation holde for the angles at which minima occur. Table II liotn

the angles of maxima and mirima and the values of R calculated from the above
formula for each of the three elastic -ocattering processes choerved. It is
apparent that such a rough explanation of the origin of the interfereace effects is
not completely adequate. However, it io logical to expect connistency not only
among the values obtained from proton, deuteron, and alpha-particle elastic

data but algo with the radius parameters derived from the inelastic data to be dio-
cussed in the next subsection. ,

The elagtic parametars are consistent with a radius for the beryllium
nucleus, rp, = (3.4 2 0.2) = (1.65 + 0.10) al/3
rp = 1.2, r, = 1.5, and Ty = llé:‘! fermi. This proton radiun is reasonable. Whily
the radius of the alpha particle” " is, no doubt, nearer 2.3 fermi, a omaller
effective value is in line with that generally found when the alpha particle ig in
the Coulomb field of a nucleus. Blatt and Weisskopf, for example, choose the
effective radius under such conditions to be 1.2 fermi. 13 Elastic scattering
experiments by Igo, Wegner, and Eisberg at 40 Mev viclded the value
(1.60 0.23) fermi, 14 The fact that the deuteron radius abeve in conaidezrab!;}"
smaller than the so-called "radius of the deuteron’ is not surprising. 15 ifa
colligion took place 2¢ a time when the neutron and proton were widsly separated
and outecide the range of their mutual forces, scattering of the deuteron as a
whole would not be expacted. Therefore, 1.6 fermi is a gatisfactory effective

deuteron radius. The large size of the beryllium nucleus presumably reflects

fermi if it is 2ssumed that

the emallnens of its binding energy.
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Table iI

Interaction radii obtained by diffraction analysis of elastic scattering

Incident (Posgition of Feature/Minima R Meazn R

particle %?i a (deg.) {fermi) {fermi)
P ' 8%x1
4.4 0.1
72+ 1
45 % 2 4.6+ 0.1
4.8 £ 0.2
117 % 2
a 12.2 £ 1.0
5.24 0.4
29.0 £ .0
4.4 £ 0.3
49.5 % 1.0
5.3 0.4
68 % i
5.0 0.4
90 £ 2
492 0.2
20.0 % 0.5
5.2 % 0.2
37.0 £ 0.5
4.52 0,3
57.5 % 1
4.6 2 0.4

80 £ 2
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Table il (comt.}

Encidjemﬁ: LPosit%on of ____Feature/ minima R ] Mean R
particle rr)(;xl;xsxa (deg.}) {fermi} {fermi}
. | 20.5% 1.0
5.0% 0.2
51 %1}
5.3 % 0.3
84 =2
5.2 % 0.3
131 =3
5.0 % 0.1
32.5% 1.0
4.8 0.2
65.5 £ 1.0
' 4,6 20.2
109 = 2
4.9 % 0.2

152 = i
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The above analysis is based on a rather rough postulate, namely, total
absorption of particles incident on the nucleus itzelf. Furthermore, the model
does not allow for a region of smooth variation from no nuclear matter tc the
maximum nucleon density. Unfortunately, in the very light nuclei, more
realistic optical-model analyoeul6 do not yield unique values for the parameters
involved. Neverthelees, the proton data have been incorporated with the resultc
of & wide survey of elastic scattering carried out at thie laboratory, 17 and such
an analysip is in progress. It is hoped that 2 similar survey and analysie of
elastic alpha-particle scattering will soon be undertaken. At 48 Mev, data are
already available for the elements C and Mg, 18 and Ag, Au, and Pb, 8 in addition

to Be reported here.

B. The 2.43-Mev State

The differential cross gections for the inelastic processes, (p,p'}, (e, a’),
and (d,d"), leading to the 2.43-Mev excited state of Be9 have been determined.
All three show maxima in or near the forward direction and were analyzed using

direct -interaction theories. 19,20

(i) Inelastic deuteron scattering

Figure 14 showsp the arbitrarily normalized theoretical {£=2) dinﬁfibutionze

for the reaction Beg(d,d“)Beq* {2.43-Mev sotate}. The radiuve of interaction for
best agreement with the experimental data is 5.60 fermi. The f§ rot peak fits well;
the second, while agreeing in position with the second experimental maximum, is
several times too small. This same discrepancy can be noted in other inelastic
deutsron distributions. 21 With a2 = 3.40 fermi, the theorstical curve for =1}
can reproduce the firgt maximum, but the gsecond then falls at 9 = 95°, The

poorer agreement and particularly the small interaction radius a = r, Al/ 3 +T

a
make such an interpretation highly uniikely,

For § =2, application of the selection ruleszz leads to the assignment 1/2,
5/2 or 7/ 2, ali odd parity, for the 2.43-Mev state. The absence of a dominant

f = 0 fit, eliminates the possibility of spin 3/2.
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{ii) Inelastic alpha-particle scattering

The prediction of direct ~-reaction theoryw for the inelastic (2.43-Mev
state) alpha-particle scattéring from beryllium is shown in Fig. 10. The curve,
drawn for § = 2 and a = 5.40 fermi, has been arbitrarily normalized. In this
case the value of the interacfion radius was chosen to give optimum {it of the
pozitions of the minima at 29° and 47°, Except for the meapurements for
8 £ 15%, which are subject to large errors, the agreement beitween theory and
experiment is romafkable. The best fit-for f = 1 requires an interaction radius
a = 4.63 fermi, but this curve fits the width of the first maximum very poorly
and places the higher-order maxima and minima at too large anglea, If £ = 2
iz accepted, the selection rules for a spinless particle lead again to Jf =1/2, 5/2,
or 7/2, all odd parity.

(iii) Inelastic proton scattering

Figure 5 shows the obeserved results for the formation of >the;, same level by
inelastic -proton scattering. Its interpretation by simple direction-interaction
theory ig not irnmediately obvious bacause the forward maximum is so broad.
Other inelastic proton data at the same bombarding energy show a similar behav? e_c»r‘zf
The greatly reduced ratio of the maximum-~to-minimum croes section indicates

‘that one or more of the following complications is involved:

{1} An appreciable amount of the excitation takes place via compound

nucleus formation. _

(2; Direct interaction proceeds with considerable penetration of th

protons into the ‘nucle\ié, 24 -

{3) More than a single £ value is involved inv the diractiss process.

{(4) Coulomb and nuclear-distortion affects are particularly strong. 25
It is impossible to show conclusively which of these is involved here, since the
calculatica of the effect of each on the cross ﬁection ig, to a large degree,
subject to the whim of the calculator. No doubt ali are involved to some extent.
The following qualitative argumento can be made, however, to show which could
account for the observations in a2 reasonable way. '

Because the Coulomb barrier is only 1.8 Mev, and the beryllium nucleus is
small, one would not expect Coulomb and nuclear distortion effects to play a

major role in this case. The (p,d) cross section, measured at the same
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bombarding energy, confirms thie expectation. While it is true that the {p,d}-
reaction cross section appears to be anomalous in oo far ap the interaction
radius is concerned {(zee below), its shape is definitely of the undistorted Butler
type.

The (p,d) cross section cannot provide arguments about the magnitude, in
inelaatic proton scattering, of the other possible complications, because the fact
that a deuteron is involved in the first-named reaction assures that compound
nuclear effects will be small and inhibita contributions to the direct reaction from
the interior of the nucleus. Ao discussed in another paper, successful competition
between two £ <values is possible only for the (p, p’) reaction and arises because
spin flip can occur. 22

It is difficult to be dogmatic about compound -nonleus contributions because
of the uncertainty in the shape of the differential cross section arising from such
a mechanism. If only one level of the compound state is involved or if a
statiatically large number are involved, the angular distribution of the evaporated
particles must be symmetric with respect to 900, On the other hand, if two or
only a few levelo of opposite parity are involved, this restriction is lifted. In
any case, one can be guided by the fact that the cross gection, expanded in the
form § Ancoonﬂo can contain values of n wno larger than 2L, where L is
the smaller of the highest partial wave absorbed from the incident beam and
the spin of the compound level with the highest angular momentum. Rough
ectimates of the level epacing and level widths of the compound nucleus that
would be involved here (Bio# with excitation enexrgy 17.4 Mev) indicate that the
statiotical assumption would not be justified. From the nature of such a
calculation it is imnpoggible to say whether one level or several would contribute.
Computation of the clagsifical impact parameters and barrier-trangmission
factors shows that e - and p-waves should have appreciable reaction amplitudes
and that d-waves might contribute, It is therefore just poosible that at least
two high-spin levels of opposite parity participate, aay 2+ and 3., and all terms
up to c034’9 arigse. The observed crooe section can be adequately fitted by such

an expregssion.
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Three lines of reascning, however, faver interpreting at least paxt of the
creso section in terms of direct interaction:
{1) A rough entimate of the cross gection for compound nucleue formation,

using the familiar asymptotic expression, 26 yielda the value 600 mb.
Because the compound nucleus is excited 9 Mav above the threéhozd

for neutron emission, one would expect de -excitation to occur by this
means in the majority of cases. It is difficult, therefore, to entertain
the idea that the 120-mb cross section for the reaction

Beg(p, p")Bega {2.43-Mev otate) ariges mainly by decay of the compound
nucleus.

{Z) Examination of the {p, np°} cross section, invelving changes of proton
energy of about 2.5 Mev, Fig. 7, shows that direct reacticn is an
important mechaniom at 12~-Mev bormbarding energy.

{3) While inelastic proton scattering23 from carbon does not ghow the
normal ghape for direct interaction processes, angular correlation
meaaurement527 indicate that an appreciable amount of this reaction

must, nevertheless, take place directly,

Accordingly, attempts have been made to explain the observed cross section in
termo of the combination of coxﬁpound«-nucleuo formation and - dirsct interaction,
Curve 2 of Fig. 5 illustrates the best fit for a single £ -value together

with an igotropic contribution from th( cogmpound nucleus., The parameters in-

volved are £ =0, a = 1.8 fermi and ’&’H’dc = 2.5 mb/sterad. While the
CM

agreement is satisfactory, such an interpretation seems unlikely in view of the
smaliness of the radius of interaction.
More plausible radii, 28 though a poorer fit, are obtaired using combined
£ =0 and { = 2 distributiones and a contribution from compound -nucleus
formation. The dashed curves of Fig. 5 have been calculated (arbitrary
normalization) for ¢ = 0 and £ = 2 using radii of interaction of 4.5 and 5.5
fermi. A typical result of the addition of such direct interaction termso and a

compound -nucleue cross section %ga =5.3 cosz'ﬂ ie shown by Curve I,

CM
While it is not quite possible to find a combination that aveids a double -humped

surn, it is reasonable to expect that minor departures from simple, direct
reaction pattarne could emooth this tc agree with observation. The implications
of the contribution of two (¢ -values in inelastic proton ascattering are discuased
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at length elsewhere. 22 Applied to this cage, it is thought that the ¢ = 2
contribution corresponds to proton acattering without spin flip, while the £ =0
coniribution (dinﬁniohed go that it does not dominate over the contribution from
higher £ -values) is alilowed only when spin flip does occur., The selection

rulesc therefore lead to the conclusion that the final state has angular momentum
1/2 or 5/2 and odd parity. ' |

{iv) Level properties

The work of Ribe and Seagrave, a study of the reaction Bm(n. d)Begta has
shown that the spin of the 2.43-Mev level is 3/2, 5/2, 7/2 or 9/2 and the parity
odd. 3 That result and those obtained here lead to the unambiguous agsignment
5/2 - for this level. 29 At firot sight the 31.3-Mev inelastic-proton-scattering
data do not seem to be conasistent with this,6 As the authors point out, however,

a poorer fit to their data is possible for ! = 2 and radius of interaction 4.15 fermi.
Not only does this interpretation permit a final.gtate assignment of 5/2 - but
it also yielde a radiue of interaction of more appropriate magnitude.

Spin 5/2 and odd parity is in accord with the intermediate -coupling shell-
rnodel prediction for the 2.43-Mev otate. 4 The alpha-particle model gives the
game result. 2 This asscignment is aloo consistent with the cboerved level
width30 and with the observation that de -excitation proceeds almost entirely by
neutron emissicn. 31 In the transition to the Be8 ground state.. the neutron will
carry off three units of orbital angular momentum. A rough calculation for the
probability of thic process gives 2 partial width of about 1 kev. The partial
width for magnetic -dipole radiation to the Beq ground state would be of the order

of 1 ev,

C. The Three ;Body Reactions Beq(p, np“)Bes and Be9(agm°)Bes

- Cross sections for the reactions Be9(p. np")Be8 and Beq(a. na"’)Bes,, in
which more than 90% of the available enexgy is retained by the charged particle,
are shown in Figo. 7 and 11 respectively. Their strong asymmetry makes it
obvious that direct interaction is the dominant reaction mechanism, If
compound nucleus formation were involved, one would expect considerably

smaller and mors isotropic differential cross sections.
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The process involved may be inelastic scattering in which the final state
ig not bound. The scatitered particies will suffer arbitrary linear- and angular-
momenturn changes because the neutron can have any {quantized) angular
momenturn in addition to a wide range of energies. The spherical Bessel
functions of the Austern, Butler, and McManus them'y19
averaged over appropriate k' and summed ovér f. Approximate calculations
of the differential crosc sections have been carried out and the regulte are shown
as solid curves in Figs. 7 and 11. The radii of interaction used were those that
besot fit the corresponding inelastic -ecattering data, Because each computation
involves only one assignable parameter, viz.the scale factor, the close agreement

must, therefore, be

between theory and experiment is as remarkable as that obtained in any direct
interaction. The opectral shape regulting from such a mechanism would, at

the high-energy end, be mainly determined by the phase space available to the
neutron. Because this increases as the energy of the scattered particle decreases,
one would expect the number of events to increace with decreasing charged-
particle energy. At lower scattered-particle energies, the issue is complicated
by Coulemb effecto and by the decreaging probability of direct interaction for
events in which the momentum change of the incident particle is comparable te

the incident momentum. Examination of Figs. 2, 8 and 16 shows that the high-
enargy end of the spectrum agrees qualitatively with expectation; the lower-energy
part cannot be invastigated experimentally.

A second type of direct interaction is aloo possible. This is a reaction
similar to heavy.particle etxfi;’aping;32 e reaction in which the incident charged
particie cauges the loogely bound neutron to be stripped from its Bea core and
then itself succeeds in escaping capture by that core. The cross section for such
a reaction is not expected to be large. Without going into the detaile here, it
can be stated that the neutron will travel in escentially the backward direction
with low energy. From the kinematical equations it then follows that the
scattered charged particle will have an energy distribution peaked sharply around
a value close to the maximurm possible. It is clear, therefore, that this mechanism
is not involved in the data of Figs. 7 and 11. It is highly probable, however, that
the small proton group {peak III) in Fig. 2 ie the result of this affect.
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D. The Pogeibls 1.8-Mev State

Data have been obtained which appear, on the surface, to be consistent with
& level in Be9 at ~ 1.8 Mev. In the preceding paragraph, however, a process haso
been described which is capable of explaining thense same data in texms of a 3-
body reaction, 33 Preliminary calculations of this effect have already been
presented; 34 more detailed considerations are in progress and will be puhlmhed
in the near future. It is the intent of this diccussion to aspume that the Eevei
actually exists, and then to see what characteristics it would have to have in order
to be consistent with the data.

Observed values of the excitation energy are listed in Table I. Although
errors have been estimated liberally, consistency among the values msasured at

different anglee is poor. 33 The mean axcitation energy, 1.83 = 0.03 Mev, does

not entirely agree with other determinations. 36,37, 38 The shape of the observed
proion peak suggests that the level width is probably about 0.2 Mev., Onlya
1/2-state could have such a width. If this ic true, de-excitation by gamma-ray
emigezien should occur only once in a million &ecaynn Kurath has shown that, in in-
termediate coupling, there is a 1/2 - ptate near the 5/2 - gtate at 2.43 Mev, 4

but the theory is not able to decide which ig the lower-lying.

in the angular interval 50° L6 < 100 _the differential croso section i for the
inelastic gcattering of 12-Mev protons is only 0.16 mb/sterad. This is a factor
of 60 less than that for the formation of the 2.43-Mev state. Since a peak
corresponding to its excitation was not oboerved in the alpha-particle and
deuteron data, it is possible only to set an upper limit, 0.5 mb/sterad , for
the crocs section for formation by inelactic alpha -particle or deuteron scattering.
Other workers have observed the excitation of this level in varioun reactions .% 3,38,5
but, unfortunately, few absolute cross sections are available., It is strange that,
in the reaction Li7(He3,p)Beq$, the peaks correnponding to the 2.43-Mev and
1.8-Mev levels are of comparable magnitude; in all other instances, the
1.8 -Mev level hag been much-less -strongly excited.

It is obvious that any theory of the 1.8-.Mev state must account for this
anomalous behavior, Small cross sectiono could result from a fortuitous cancel-

lation of matrix element g, but it is tempting to conjecture that this level must
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- be quite different in structure from the ground state and 2.43-Mev level, In

the shell medel this might mean that the 1.8.Mev atate does not arise from the
ps configuration. In the alpha-particle model, core excitation may be involved.
If collective modes are present in Beg, the }.8-Mev state could have K = 1/2 and

the other low-lying states K = 3/2.

E. Other States

In this work it has not been possible to make any clear observations with
respect to the 3.1-Mev level. However, it is thought that the inelastic deuteron
measurements do confirm its existence. It is clear that this state is not as
promiaent in inelastic scattering as the 2.43-Mev otate. This impliea that the
cross section for formation ie considerably smaller than that for the other state
and/or that the 3.1-Mev state has an appreciable width. Rasmussen et al.
indicate that the level width is perhaps 0.3 Mev. 38 If thioc is true, then the spin
and parity is very probably 1/2 —., On the other hand, Allen reportc r <0.1 Mev, "

The reaction Li (He .p)Be ueems to provide evidence for a level with
excitation energy ~4.8 Mev and width about 1 Mev. 36 In that experiment the proton
group correeponding to the 4.8-Mev state is ap prominent ap the group due tc the
2.43-Mev otate. In the 3} -Mev proton inelastic -scattering data, there is some
indication of the exisotence of a weakly excited level at about 5 Mev. 6 Fry haa
observed an event in nuclear emulsion which is best interpreted as the decay of
Li9 9 at 4.4 = 0.8 Mev, 4 In the proton-scattering data
reported herein, conditions weras not favorable for the observation of such a

40

to an excited state of Be

level becausge of an overlapping deuteron group from a competing reaction. No
evidence of the level was found in the alpha-particle bombardments and only the
weakest indication in the deutercon-scattering data, If the heavy-particie
stripping mechanism is successful in diocounting the evidence for a level at 1.8
Mev, then this same mechaniam could predict an "apparent level” at n.4.8 Mev
even if one does not really exist. This ia because 4.8 Mev bears the same
relation to the Be®" ¢ n threshold (4.6 Mev) as 1.8 Mev does to the Be' +n
threshold (1.666 Mev). Because the excited state of Be8 has a width of I Mev,
the 4.8 -Mev "level" would appear at least as broad. It is not clear, however, whethe::

42
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the croos section for such a process is sufficiently large to completely account
for the oboervations. The emulsion event could be assigned to ancther level.

The exiotence of more highly excited states at 6.8 and 11.3 Mev is
confirmed. Both states, which appear to be quite broad, were prominent.
Because of uncertainties in the magnitude of the continuum underlﬁng the peaks
corresponding to thegse levels, quantitative cross-section measurements were not
pososible. Formation of these otates in alpha-particle scatterinag implies that they
are isotopic-opin doubleto. No evidence for a level at 7.9 Mev waon found but the
search was only cursory. Levels above 11.3 Mev could not be detected.

F. The Reaction Beg(p.d)Be8

The application of Butler stripping theory43

is well establiched. Figure 6 shows the experimental data together with the
theoretical cross section {(normalized for best fit in the region ‘10° to 300)

for the reaction Beq(p, d)BeS. The paré.metera used are € = 1 and radiuas of
interaction 4.50 fermi. The fit is excellent, the orbital angular momentum iso in
agreement with the known initial and final gping and parities.' and the interaction

radius compares favorably with that found in elastic proton ocattering at the same

to (d, p) and (p, d} reactiono

energy. .
With the reporting of the present reculto at 12 Mev, data for this reaction
are now available at bombarding energies of 5 to 8.44 12, 16.5, 45_22,46 and
31.3 Mev. 6 Thin case, therefore, precentas the cpportunity to test stripping
theory for one reaction at a variety of energiea; In Fig. 15 the available
differentinl crooo sections are shown arbitrarily normalized. Apart from a
slight tendency for the meaoured values to oeparate at angles greater than 70°,
there is no evidence that the shape varies with energy. Thio is not at all what
is to be expected from simple Butier theory unless the radius of interaction '

is itoelf a strong function of energy. Itisc hard to pee how the revisions to the
theory that include Coulomb interaction could lead to any improvement because,
for Z = 4, such effecto ghould be omall. Bhatia et al. have pointed out that
Butler's formula hehaves in 2 "opécial" or "singular'' manner when the neutron
binding energy is zero. 47 Because thio condition ic nearly catiofied in the cage

of berylliurn, it ic pososible that the theory is not valid in thio instance.
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it would be interssting if another stripping reaction were meagured over
a wide range of energieo and a similar comparison made. If the interaction
radiuoc were again found to be a function of energy, it would be clear that

something more subtle than the binding energy of the neutron ie invelved.

VG, Further Conclunions

Continued experimental inveotigation will be necessary before the true
level structure of Be9 can be clarified. Because of the Iﬁrevalence of 3-body
reactions, the prospect of obtaining unambiguous data from inelastic scattering
is not bright. Clear evidence for levels would follow detection of de -excitation

%
9 states offer

gamma rays. Unfortunately, the large particle widths of the Be
little hope for the success of such searches. However, a posgibility does seem

to exist, namely, the examination of the beta spectrum {anjaccompenying neutrons)
from the decay of ‘Ligo The fact that Li9 is a delayed-neutron emitter‘w

indicatec that thic decay preceeds through one or more excited states of Beq.,
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APPENDIX

it is common procedure to determine from a charged-particie spectrum
the cross sectiono for reactions that yield discrete energy groups. It is shown
here that it io alsoo poasible to obtain croas sections for multibedy reactions
which yield continuum spectra provided, of course, that their origin is unique.
In particular, it has been posgible to measure differential cross sections for
the reactions Beq(p, np")Be8 and Begqn, na')Be8 in which the charged particle is
emitted with 90% or more of the maximum energy permitted. The recgults of these
measurements have been presented above.

For the sake of clarity, the particular case of the (p, np’) reaction is
discussed. Generalization is largely a matter of netation. First consider the
3-body breakup in the center-of-mass frame. Because the system has no net
momentum, the momentum vectors 'P'no I’p. and ﬁN (P’B eg) are neceesarily
copianar. If one choooes a coordinate system in thio plane so that ?; is

directed along the x-axio, the kinematical equations are
Pp+Pncon ¢n+PN coo¢N=0
Pn oin ¢n + PN sin ¢'N =0, and

2 2 2

P P P

R
Zmp Zmn ZmN

where the angles are measured in the usual sensce, the m's refer to the masses
of the particles involved, and 8, io the energy of the system. The maximum
value of Pp {and hence of the proton ensrgy Ep) is cbtained when ¢n = ¢N = 180°

and P'n/mn»s N/mN . It is eagy to show that

2
(Pp) max _ m, My g

Zmp mp + m + my

When the proton does not take maximum energy, the neutron and the Be
nucleus are allowed to have various ener@ies and angles. They do not have

«Ep)max =

8

complete freedom, however, until x E(ﬁ%" is sufficiently small, In
P max

particular, the angles are confined to the solid cones given by
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mn+mN mNQm +mn+mNi /2
m, m, | m_ +my J
and m_ + My m (m +m 4+ mN)l 1/2
cos by £ - ———r m, +mX - P .
m, my m_ +my J

Ae a consequence, when the proton takes near maximum energy, the other two
particles are closely confined in a small-angle cone. It may alco be shown that
they recoil with nearly equal velocities. 49
Preparatory to transforming to the laboratory frame, consider now that the
proton momentum is actually at angie 8 with respect to some space -preferred
x-axio (i.e., the direction of incidence of the initial proton}. Equations for
the angles and energies of the neutron and recoil nucleus are now extremely
cumbersome (azimuthal symmetry has been lost); however, these dc not concern us.
If one puto in the features of the initial collision and transforms to the iaboratory,

it ig easy to show that

m
83 Ei [l- P ]+Qs
' mp+mn+mN

and E, 1/2 ) /2
Al e =coo 0, +{con 0, +B 0
E L L
i
where m_ +m +my
A= .
m
m_+m_+m
B={_n P N P .1,
mp Ei

E; = laboratory energy of the incident proton,
E; = laboratory energy of the final proton,
Q = energy release in the reaction = - 1,666 Mev, and

61 = laboratory angle of observation of the final proton, corresponding to

@ in the center-of -mass.
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With the equbtions above it io possible to determine, for any laboratory angle
GL’ the laboratory enargies corresponding to any desired center-of -mass proton
energies.

In order to obtain a meaningful result for the relative differential cross
section of such a reaction, it is imperative to take measurements at various
angles of the number of scattered protons within some constant center-of-mass
energy interval, The interval chosen in this investigation was 0.90 (E p) max <.
Epc’:-. ‘(Ep} max ° After calculation of the equivalent laborato ry energies, and
their equivalent ranges, it was possoible to identify the corresponding intervai
of the observed proten spectra., Ao an example, these limitc are shown by the
arrows Ry, and R’L in Fig. 16 which illustrates the cbserved data for 9L=21°°
Because the 2.43-Mev inelastic peak and the pickup deuterons are superimposed
on the continuum in thio region, it was necessary to interpolate between the end
point and a region where nothing interfered with the oboervation of the continuum
alone. These interpolations were done linearly for simplicity. Once the areas of
the triangles of continuum so defined have bean determined, calculations of the
cross sections follow in the same way ac those for a conventicnal reaction follow

the determination of psak areas., The éransformation from laboratory to center-

of-maogs was carried out using the —@i——  and the GL-to—G correspondence
appropriate to the median proton energy 0.95 QEP¥ masx’®
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scattering by beryllium. The laboratory energy was 12 Mev.
Experimental errors are less than the size of the points.
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Fig. 4. Spectra of protons scattered by beryllium. The
bombarding energy was 12 Mev.
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Fig. 5. The differential gross section for the formation of the
2.43-Mev state of Be’ by inelastic proton scattering. The
laboratory energy was 12 Mev. The solid curves are
discussed in the text. The dashed curves (abritrary
normalization) have been derived from the direct interaction
theory of Austern, Butler, and McManus as follows:
3.--0=0, a=5,5fermi; 4 --4£ =0, a =4.5fermi;

5 -- =2, a=5.,5fermi; and 6 --£ =2, a = 4.5 fermi.
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Fig. 6. The differential cross section for the reaction Be9
(P,d)Be8 at 12 Mev, .
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Fig. 7. The cgifferential cross section for the reaction Be9
(p,np')Be” in which the scattered protons retain at least
90% of the available center-of-mass kinetic energy. The
incident energy was 12 Mev. Notice that the abscissa
is the angle of scattering of the proton. The solid curve
is derived from direct-reaction theory, with a = 4.5 fermi,
including terms £ < 2.
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Fig. 8. Alpha-particle spectrum from beryllium bombarded with
48 -Mev alpha particles. The short leaders along the
abscissa indicate the expected positions of parti__cle groups.
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The differential cross section for elastic alpha-
particle scattering by beryllium. The laboratory energy
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Except where shown, exper1menta1 errors



UCRL -3388 Revwv.

-38.
T T T T T T I 1 U T T
L i - Be® (ox,x') Be®® i
5. 60 -
o 2.43 Mev STATE
a; ELAB= 48.0 Mev
I3
3 B _
E. 1'} ,
> - SOLID CURVE - AUSTERN ,BUTLER,AND
S P Mc MANUS THEORY
s a0 9 £=2; a=540 fermis 7
w
m c
o 4
i3
ov
I 20 -
—
z
w
@
u - B |
L.
U ) % :
o . . ® e ee0®eoe
(o] 1 ) i 1 * 1 1 * W L
o} 20 . 40 60 80 100 120
CENTER-OF-MASS ANGLE (deg) )
MU-10606
24252-|

Fig. 10. The differential cr%ss section for the formation of

the 2.43-Mev state of Be

by inelastic alpha-particle

scattering. The laboratory energy was 48 Mev.

-t



'DIFFERENTIAL CROSS SECTION (mb/sterad)

-39. UCRL-3388 Rev.

60~

0o oieoeo poodessl| e o
o 20 40 60 80 100 120
CENTER-OF-MASS ANGLE (deq)

MU-11265

Fig. 11. The differential cross section for the reaction Be9
(a,na')Be” in which the scattered alpha particles retain
at least 90% of the available center-of-mass kinetic
energy. The incident energy was 48 Mev. Notice that the
abscissa is the angle of emission of the scattered alpha-
particle. The solid curve is obtained from direct-reaction
theory, with a = 5.40 fermi, including terms £ < 2.
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Fig, 12. Charged particles from the deuteron bombardment
of beryllium. The short leaders along the abscissa
indicate the expected positions of the peaks corresponding
to the final nuclear’'states by which they are labeled.
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Fig. 13. The differential cross section for the elastic
scattering of deuterons by beryllium. The laboratory
energy was 24 Mev., Except where shown, experimental
errors are smaller than the size of the points.
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Fig. 14. The differential crgss section for the formation of
the 2.43-Mev state of Be’ by inelastic deuteron scattering.
The laboratory energy was 24 Mev.



43. ‘ UCRL-3388 Rev.

T T T T T T T T
25 _
'f'-, -4
E - J
:—I_ZO— ]
J | Mev -
e Mev -
=z [ Mev 4
g B Mev §
o 15+ Mev _
w
wn _ .
a T :
O - .
[+ o4
© B .
- 10 -]
<« 1
= _
p-a - i
J
[t = 4
w
w | 4
w
o 5 -
| .
| A A A 4
o : l! 1
(0] 40 80 120 160
CENTER-OF-MASS ANGLE
' ' MU- 11267

Fig; 15. The shape of t
reaction Be "(p,d)Be

differential cross section for the
at various bombarding-proton

energies. The data were obtained from the references

cited in the text.
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16. Part of the charged-particle spectrum from the
proton bombardment of beryllium, showing the separation
of overlapping peaks from the 3-body continuum. The
arrows Ry;; and R, designate the ranges of scattered
protons of energies E, = (E,) and E_ = 0.90 (E,)
respectively (see Appe%dix).p rTrl]rflex angle of observatignmax
was 21° and the bombarding energy 12 Mev.,
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