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Scattering of 12-Mev Protons, 24-Mev Deuterons, and 48-Mev
Alpha Particles by Beryllium*
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(Received October 24, 1957)

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

A very weak inelastic proton group has been found which could correspond to a level in Be' at 1.8 Mev.
The observation of inelastic alpha-particle groups corresponding to levels at 6.8 and 11.3 Mev makes definite
the assignment of isotopic spin —, to these states. The data obtained are not inconsistent with the existence of
levels at 3.1 and 4.8 Mev.

The pickup reaction Be'(p,d)Be' (ground state) was observed. Although the distribution is peaked forward
as 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 Be'(P,zzP')Bez and Be'(a,zza')Be' have been studied. Analysis of the angular distributions
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, deuterons, and alpha particles has been observed. Analysis of
these distributions assuming a black nucleus gives reasonable agreement with the positions of the diffraction
eHects. The radii of interaction that are necessary are large but consistent within themselves and with those
that fit the inelastic data.

INTRODUCTION

LTHOUGH the beryllium nucleus was early the

~ ~

~

subject of considerable experimental investi-
gation, ' its energy-level structure is poorly and in-
completely determined. This is in part due to its very
low neutron-binding energy. As a consequence, nuclear
reactions involving Be' are generally accompanied by
a considerable amount of multibody breakup, for the
escape of a neutron leads to alpha-unstable Be'.
Furthermore because the excited states of Be' decay
predominantly by particle emission, the level structure
cannot be investigated by gamma-ray analysis.

Shown in Fig. 1 is the energy-level diagram for Be'.'
Levels above the proton threshold have been excluded
for simplicity. Data published since 1954 have also been
included.

Theoretical study of Be' has been limited. Haefner'
has treated the loosely bound neutron as a perturbation
to an alpha-particle model of Be'. In the j-j coupling
limit of the shell model, ' the properties of the lowest
levels should be due to the single p; neutron. Recent
extensions' of the shell model to intermediate coupling

*This work was done under the auspices of the U. S. Atomic
Energy Commission. A preliminary report was presented at the
Los Angeles Meeting of the American Physical Society in De-
cember 1955, and in Phys. Rev. 100, 1795 (A) (1955) and Bull.
Am. Phys. Soc. Ser. II, 1, 153 (1956).

t National Research Council of Canada Special Scholar,
1954-56, now at Department of Physics, McMaster University,
Hamilton, Ontario, Canada.' F. Ajzenberg and T. Lauritsen, Revs. Modern Phys. 27, 77
(1955).' R. R. Haefner, Revs. Modern Phys. 23, 228 (1951).' M. G. Mayer, Phys. Rev. 75, 1969 (1949);Haxel, Jensen, and
Suess, Phys. Rev. 75, 1766 (1949).

'French, Halbert, and Pandya, Phys. Rev. 99, 1387 (1955);
D. Kurath, Phys. Rev. 101, 216 (1956); and D. R. Inglis, Revs.
Modern Phys. 25, 390 (1953);27, 76 (1955).

are laborious but appear to be more realistic. 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 existence of the 1.8-Mev level and
to determine the cross section for its formation;

(2) to study the cross sections for formation of the
2.43-Mev state and hence resolve the disagreement in
parity between the results of Ribe and Seagrave' and
of Finke'

(3) to see if the analysis 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 course of these measurements it was
convenient to determine the cross sections for elastic
scattering. These are of interest because they permit
determinations of the radius of the beryllium nucleus
and assist in the analysis of the inelastic data. A com-

parable radius of interaction may be derived from
measurements on the Be'(p,d)Be' pickup reaction. In
order to obtain the desired inelastic data it was neces-
sary to examine critically the charged-particle spectra
due to multibody breakup. This examination has

z F. L. Ribe and J. D. Seagrave, Phys. Rev. 94, 934 (1954).
R. G. Finke, thesis, University of California Radiation

Laboratory Report UCRL-2789, November, 1954 (unpublished);
and Benveniste, Finke, and Martinelli, Phys. Rev. 101, 655
(1956).
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190 with particular application to the present experiments,
may be found in a Radiation Laboratory report. '

The detector consisted of a three-chamber propor-
tional counter which permitted identification of the
scattered particles by their pulse height in the 6rst
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 Rnite
acceptance angle of the counter was about 1'.

After passing through the target, a 1-mil beryllium
foil, the beam was collected in a Faraday cup. A
conventional 100% negative-feedback electrometer and
standard condenser permitted absolute measurement
of the beam current. The energy of the incident beam

Be'
Be'+ x-x

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

EXPERIMENTAL

The external beam of protons, deuterons, or alpha
particles from the 60-inch cyclotron at Crocker Labora-
tory was used. Descriptions of this and of the 36-inch
scattering chamber in which the measurements were
carried out are already published. "Further details,

-4359
g +n-d

FIG. 1. The energy-level diagram for Be' (taken from Ajzenberg
and Lauritsen, reference 1, with more recent data added). States
above the proton threshold have been omitted for simplicity.
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FrG. 2. Charged particles from the proton bombardment of
beryllium. The short leaders along the abscissa indicate the
expected positions of the peaks corresponding to the final states
by which they are labeled. The numbers in parentheses refer to
excitation energies.

~ G. E. Fischer, Phys. Rev. 96, 704 (1954).
R. E. Ellis and L. Schecter, Phys. Rev. Iol, 636 (1956).

FIG. 3. The differential cross section for elastic proton scattering
by beryllium. The laboratory energy was 12 Mev. Experimental
errors are less than the size of the points.

was measured by range determination with the Faraday
cup as detector. Average values (with total energy
spread in brackets) for these experiments were as
follows: protons 12.0 (0.2) Mev, deuterons 24.0 (0.4)
Mev, alpha particles 48.0 (0.8) Mev. Seam 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 meas-
urements were facilitated by the use of an auxilliary
beam monitor in the form of a Xal crystal and photo-
multiplier which viewed the target at a permanently
set laboratory angle of 20'. Combination of the angular
spread in the incident beam and of the 6nite acceptance
angle of the detector leads to an angular resolution
somewhat better than 2'. The diGerential cross sections
presented have not been corrected for this finite
resolution.

I' R. G. Summers-Gill, University of California Radiation
Laboratory Report UCRL-3388, April, 1956 (unpublished).
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TABLE I. Characteristics of the 1.8-Mev "level" in Be .

Slab 8c-M. Excitation energy
(deg) (deg) (Mev)

40 44.5 1,65~0.10
50 55.4 1.76+0.03
65 71.5 1.82~0.03
90 97.0 1.91+0.03

(do/dQ) for Be'(P,p')BeII
(mb/sterad)

~0 5
0.17~0.08
0.15~0.06
0.16~0.08

RESULTS

A. Proton Bombardments

The complete charged-particle spectrum was meas-
ured at 25' and 65' in the laboratory frame. The 65'
results are shown in Fig. 2, The observed peaks are
identified as follows:

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

II. Elastic scattering from beryllium;
III. 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 Be' at 2.43 Mev;
V. Deuteron group from the reaction Be'(p,d)Be'

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

VI. Mixture of deuterons from the reaction
Be'(p,d)Be * (2.9-Mev level) and inelastic protons
(4.8-Mev level).

The 6.8-Mev level clearly manifested itself at 25'
where the inelastic-proton energy was great enough to
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FIG. 4. Spectra of protons scattered by beryllium. The
bombarding energy was 12 Mev.

energy assuming the reaction Be (P,p')Be'. Table I
summarizes the observed excitation energies and for-
mation cross sections and includes the results of less
reliable measurements at 40'. The peak shapes are
consistent with a level width of 0.2 Mev.

Peaks IV and V and the continuum in their vicinity
were scanned at suitably chosen forward and backward
angles. The diGerential 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

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 Be'(p,np')Be' is shown by the arrow to
the right of peak IV. All ranges less than this are
kinematically possible.

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 III 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'. %here visible the oxygen elastic peak
was generally about 1% of the beryllium peak. The
cross sections for elastic scattering obtained from these
data are shown by the solid points of Fig. 3.

Peak III was examined in detail at several forward
angles. Poorer resolution, due to the necessity of a
reQection target at scattering angles beyond 90',
precluded the possibility of detecting it in backward
directions. In Fig. 4, which shows data for three angles,
the abscissa were converted from range to excitation

20

EA

Xh
I

O
I-
O
LLJ

fR

m IO—
lII0

I-
Z
LLI

K
LLj
LL.
h.
a

0—
0

yl I Aa

I q/\

/

JW ~l~ ~ ~lw wl ~~~I I

40 80 I 20 I 60
CENTER-OF-MASS ANGI E (deg)

FIG. 5. The differential cross section for the formation of the
2.43-Mev state of Be' by inelastic proton scattering. The labora-
tory energy was 12 Mev. The solid curves are discussed in the text.
The dashed curves (arbitrary normalization} have been derived
from the direct interaction theory of Austern, Butler, and
McManus as follows: (3) 1=0, a=5.5X10 " cm; (4) E=O,
a=4.5X10" cm; (5) l=2, a=5.5X10 " cm; and (6) 1=2,
a=4.5X10 "cm,
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ntial section for the reaction &e (p,np')&e' inFIG, 7. The differen l
w ic the scattered protons retain at least 90~~ of th
center-of-mass kinetic energ . The incidc e gy. e incident energy was 12 Mev.

curve is erived from direct-reaction theory with
cm, including terms l&2.

discussed in a later section. The total integrated cross
section for the reaction Be'(p,d)Be' is 40 mb. For the
inelastic scattering Be'(p,p')Be'* (2.43 Mev), the same
quantity is 110 mb.

Considerable 3-body breakup was observed in the
proton bombardments. While such tsuc a reaction aoes not
manifest itself by the presence f d'ce o a iscrete-energy
particle group, it can nevertheless be studied by the
method outlined in the Appendix. The results of such
an analysis for the reaction Be'(p, mp')Be' are shown in

f
ig. . The ordinate gives the difI'erent 1n ia cross section

or the formation of the Be' ground state and the scat-

available kinetic energy has been shared in such a way
t at in the center-of-mass we have 0.90 E ~

' &E ~(E,me, x
y

B. Alpha-Particle Bombardments

Complete alpha-particle 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 I contains
particles elastically scattered from beryllium. The
second peak corresponds to the 2.43-Mev level while

6.8 an
peaks III and IV correspond to th h' h

and 11.3 Mev, respectively. Elastic scattering from
oxygen was again evident but is not shown. Identifi-
cation o weak-particle groups correspondin to 1 1ing o eve s

and 3.1 Mev was impossible because of ins % '

resoluti
o insu cient

4.8-
tion. There seems to be no clear ind t f

. - and 7.9-Mev levels, although conditions for their
o servation were more favorable. If these 1

roa or on y weakly excited, their presence ma h
been ma sked by the prevailing continuum. No attempt
was made to observe protons in these measueasurements.

e elastic and 2.43-Mev inelastic peakea swerestu ied
at some 35 angles from 5' to 90' in the laboratory frame
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Figure 9 shows the differential elastic-scattering cross
section. The differential cross section for inelastic
scattering and the formation of the 2.43-Mev state is
shown in Fig. 10. The total cross section for this
reaction, up to 8, = 120', is 50 mb; if a Rat angular
dependence is assumed at greater angles, the total
integrated cross section is 56 mb.

As in the case of the proton bombardments, a con-
siderable continuum was observed. Since its beginning
occurred close to the calculated onset of the three-body
reaction Be'(n, nn')Bes, it was interpreted in that way.
Because of the compression of the energy scale (dE/dX
is greater for alpha particles than for protons), the
analysis of the type discussed in the Appendix may have
included additional contributions due to an unresolved
4.8-Mev level and 3-body reactions in which the ground
state of Be' is not involved. Figure 11 shows the data
with these other reactions assumed to be negligible.
The ordinate is the differential cross section for the
reaction Be (rr, nn')Bes in which the scattered alpha
particle retains most of the energy so that we have
0.90 8 ~ &E &E ' . 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 presumably has its origin in slightly
incorrect treatment of the experimental data.
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FIG. 11. The differential cross section for the reaction
Be'(n,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 emis-
sion of the scattered alpha particle. The solid curve is obtained
from direct-reaction theory, with a=5.40)&10 " cm, including
terms l&2.

C. Deuteron Bombardments

The same beryllium target was bombarded with
24-Mev deuterons, and the charged-particle spectra
studied as before. A large neutron Aux compounded the
difhculties of making the observations so that the data
here are neither so complete nor so well established. At
all angles, substantial charged-particle backgrounds
were observed, with the target both in and out.

Figure 12 shows the partial charged-particle spectrum
taken at a laboratory angle of 25.6'. Even under the
elastic group, peak I, the background is appreciable.
The strongly excited 2.43-Mev level accounts for peak OEUTERONS ON BERYLLIUMIOO-
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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 Gnal nuclear
states by which they are labeled.
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FIG. 10. The differential cross section for the formation of the
2.43-Mev state of Be' by inelastic alpha-particle scattering. The
laboratory energy was 48 Mev. The value of a is given in Iunits of
10 I3 cm.

' Fulbright, Bruner, Bromley, and Goldman, Phys. Rev. 88,
700 (1952), and, ;F. A. El-Bedewi, Proc. Phys. Soc. (London)
A64, 947 (1951).

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 III is not so clearly
understood. Its position corresponds closely to that
projected for an inelastic deuteron group from the
3.1-Mev level in Be'. However, tritons from the possible
reaction Be'(d, t)Be'* (2.9-Mev state) should have a
similar range. It was not possible to identify these
particles by discrimination in the detector owing to the
weakness of the group and to the background consisting
mainly of proton recoils. While it is probable that (d, t)
reactions do occur, as found at other bombarding
energies, M it is possible that peak III (visible also in
the 30' and 15' data) is partially due to a contribution
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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.

from the inelastic-deuteron group. A weak group cor-
responding 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 visible.

Experimental points for the elastic differential cross
section are shown by the solid circles of Fig. 13. The
inelastic cross section for scattering to the 2.43-Mev
state is shown in Fig. 14. Measurements at more
forward angles were impossible because of the large
elastic cross section. This swamping may be taken as
evidence that the probability of inelastic scattering
continues to decrease for 0(15'. For this reaction, the
total cross section, which is rather insensitive to the
behavior at small angles, is 44 mb. Analysis of the
continuum was not possible in this case; in addition
to the neutron-initiated background, other multibody
processes, Be'(d, pn)Be' and Be'(d, p2n)Be', can com-
pete with the Be'(d,nd')Bes reaction.

DISCUSSION

A. Elastic Scattering

The solid curves of Figs. 3, 9, and 13 represent the
Rutherford cross sections for scattering from a point
charge. When the observed data are divided by these
cross sections, the dashed curves result. Interference
eQ'ects are prominent. E'xcept at small angles corre-
sponding to large distances of closest approach, these
ratios are greater than unity. The accuracy of the
absolute normalizations are strikingly demonstrated in
two instances, however, by the fact that the measured
absolute diGerential cross sections are very close to the
Rutherford cross sections at the smallest angles.

One of the simplest ways to interpret elastic-scat-
tering data is to assume that the nucleus is opaque to

if it is assumed that r„=1.2, r =1.5, and r~=1.6&(10 "
cm. This proton radius is reasonable. While the radius
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"Eisberg, Igo, and Wegner, Phys. Rev. 99, 1606 (1955).

particles that in a classical picture would "hit" the
nucleus. "Particles that "miss" are assumed to proceed
without interaction. Such a picture is, of course, the
more valid, the greater the observed ratio to Rutherford
scattering. Under these assumptions, the problem
reduces to a simple one in optics, and roughly speaking
we have

2kR{sin(8~~/2) —sin(e;/2)) =m,

where k is the wave number of the scattered particle,
R is the interaction radius, and 8; is the angle at which
the ith maximum is observed. A similar relation holds
for the angles at which minima occur. Table II lists
the angles of maxima and minima and the values of E.
calculated from the above formula for each of the three
elastic-scattering processes observed. It is apparent
that such a rough explanation of the origin of the
interference eGects is not completely adequate. How-
ever, it is logical to expect consistency not only among
the values obtained from proton, deuteron, and alpha-
particle elastic data but also with the radius parameters
derived from the inelastic data to be discussed in the
next subsection.

The elastic parameters are consistent with a radius
for the beryllium nucleus,

rs, (3.4+0.2) = (—1—.65+0.10)A &X 10 "cm
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of the alpha particle" is, no doubt, nearer 2.3)&10 "
cm, a smaller eRective value is in line with that generally
found when the alpha particle is in the Coulomb field
of a nucleus. Blatt and Weisskopf, for example, choose
the effective radius under such conditions to be 1.2
X10 " cm." Elastic scattering experiments by Igo,
Wegner, and Eisberg at 40 Mev yielded the value
(1.60&0.23)X10 " cm. '4 The fact that the deuteron
radius above is considerably smaller than the so-called
"radius of the deuteron"" is not surprising. If a col-
lision took place at a time when the neutron and proton
were widely separated and outside the range of their
mutual forces, scattering of the deuteron as a whole
would not be expected. Therefore, 1.6X10 " cm is a
satisfactory eRective deuteron radius. The large size
of the beryllium nucleus presumably reQects the
smallness of its binding energy.

The above analysis is based on a rather rough
postulate, namely, total absorption of particles incident
on the nucleus itself. Furthermore, the model does not
allow for a region of smooth variation from no nuclear
matter to the maximum nucleon density. Unfortunately,
in the very light nuclei, more realistic optical-model
analyses" do not yield unique values for the parameters
involved. Nevertheless, the proton data have been
incorporated with the results of a wide survey of elastic
scattering carried out at this laboratory, "and such an
analysis is in progress. It is hoped that a similar survey
and analysis of elastic alpha-particle scattering will

soon be undertaken. At 48 Mev, data are already
available for the elements C and Mg," and Ag, Au,
and Pb, ' in addition to Be reported here.

B. 2.43-Mev State

The diGerential cross sections for the inelastic
processes, (p,p'), (n,n'), and (d,d'), leading to the
2.43-Mev excited state of Be' have been determined.
All three show maxima in or near the forward direction
and were analyzed using direct-interaction theories. ""

(i) Inelastic Delterorl, Scattering

Figure 14 shows the arbitrarily normalized theoretical
(t= 2) distribution" for the reaction Be'(d, d') Be'*
(2.43-Mev state). The radius of interaction for best

"Bashkin, Petree, Mooring, and Peterson, Phys. Rev. 77, 748
(1950)."J.M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics
(John Wiley and Sons, Inc. , New York, 1952), p. 357.

' Igo, Wegner, and Eisberg, Phys. Rev. 101, 1508 (1956).
'~ Experimental NNclear Physics, edited by E. Segr5 (John

Wiley and Sons, Inc. , New York, 1953),Vol. 1, Part IV and p. 477
in particular.

"Melkano6', Nodvik, Saxon, and Woods, Phys. Rev. 106, 793
(1957).

"Shaw, Conzett, Slobodrian, and Summers-Gill, Bull. Am.
Phys. Soc., Ser. II, 1, 253 (1956)."F. J. Vaughn, University of California Radiation Laboratory
Report UCRL-3174, October, 1955 (unpublished).

'9 Austern, Butler, and McManus, Phys. Rev. 92, 350 (1953).
~ R. Huby and H. C. Newns, Phil. Mag. 42, 1442 (1951).

TABLE II. Interaction radii obtained by diBraction analysis
of elastic scattering.

Incident
particle

Position of feature
Maxima Minima

(deg) (deg&
R

i0-» cm
Mean R
10»cm

45 ~2

117 &2

12.2~1.0

29.0~1.0

49.5~1.0

68 ~1
90 ~2

72 ~1

20.0~0.5

37.0+0.5

57.5~1

80 ~2

4.4~0.1

4.8~0.2

5.2~0.4

4.4~0.3

5.3~0.4

5.0~0.4

5.2~0.2

4,5~0.3

4,6~0,4

4.6~0.1

4.9~0.2

20.5~1.0

51 ~1
84 ~2

131 ~3
32.5+1.0

65.5~1,0

109 ~2

152

5.0~0.2

5.3w0.3

5.2~0.3

4.8~0.2

4.6~0.2

4.9~0.2

5.0~0.1

agreement with the experimental data is 5.60&(10 "
cm. The first 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 deuteron distributions. "With
a=3.40&(10 " cm, the theoretical curve for /=1 can
reproduce the first maximum, but the second then falls
at 8=95'. The poorer agreement and particularly the
small interaction radius a=roA&+re make such an
interpretation highly unlikely.

For /=2, application of the selection rules" leads to
the assignment -'„-,' or —,', all odd parity, for the 2.43-
Mev state. The absence of a dominant /=0 fit, elimi-
nates the possibility of spin 2.

"For example, J. R. Holt and C. T. Young, Nature 164, 1000
(1949).

~ R. G. Summers-Gill, Can. J. Phys. (to be published).

(ii) Inelastic Atpha Particle Scatterieg-

The prediction of direct-reaction theory" for the
inelastic (2.43-Mev state) alpha-particle scattering
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from beryllium is shown in Fig. 10. The curve, drawn
for /=2 and a=5.40)&10 " cm, has been arbitrarily
normalized. In this case the value of the interaction
radius was chosen to give optimum 6t of the positions
of the minima at 29' and 47'. Except for the measure-
ments for 8(15', which are subject to large errors, the
agreement between theory and experiment is re-
markable. The best fit for /=1 requires an interaction
radius a=4.63&(10 "cm, but this curve 6ts the width
of the 6rst maximum very poorly and places the higher-
order maxima and minima at too large angles. If /=2
is accepted, the selection rules for a spinless particle
lead again to Jf 2 g or ~2, all odd parity.

(iii) Inelastic Proton Scattering

Figure 5 shows the observed results for the formation
of the same level by inelastic-proton scattering. Its
interpretation by simple direct-interaction theory is
not immediately obvious because the forward maximum
is so broad. Other inelastic proton data at the same
bombarding energy show a similar behavior. " The
greatly reduced ratio of the maximum-to-minimum
cross 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 the protons into the nucleus. '4

(3) More than a single t value is involved in the direct
process.

(4) Coulomb and nuclear-distortion effects are par-
ticularly strong. "It is impossible to show conclusively
which of these is involved here, since the calculation of
the e6'ect of each on the cross section is, to a large
degree, subject to the whim of the calculator. No doubt
all are involved to some extent. The following quali-
tative arguments can be made, however, to show which
could account for the observations in a 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 bombarding energy, confirms this expectation.
While it is true that the (P,d)-reaction cross section
appears to be anomalous in so far as the interaction
radius is concerned (see below), its shape is definitely
of the undistorted Butler type.

The (P,d) cross section cannot provide arguments
about the magnitude, in inelastic 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

2' H. E. Conzett, Phys. Rev, 105, 1324 (1957).
24 S. T. Bulter, Phys. Rev. 106, 272 (1957).
~~ For example: W. Tobocman and M. H. Kalos, Phys. Rev.

97i 132 (1955).

inhibits contributions to the direct reaction from the
interior of the nucleus. As discussed in another paper,
successful competition between two / values is possible
only for the (P,p') reaction and arises because spin flip
can occur."

It is difhcult to be dogmatic about compound-nucleus
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 statistically large number are involved,
the angular distribution of the. evaporated particles
must be symmetric with respect to 90'. On the other
hand, if two or only a few levels of opposite parity are
involved, this restriction is lifted. In any case, one can
be guided by the fact that the cross section, expanded
in the form P A„cos"0, can contain values of n no
larger than 21., where I- 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 estimates of the level spacing and
level widths of the compound nucleus that would be
involved here (B"*with excitation energy 17.4 Mev)
indicate that the statistical assumption would not be
justi6ed. From the nature of such a calculation it is
impossible to say whether one level or several would
contribute. Computation of the classical impact
parameters and barrier-transmission factors shows that
s and p waves should have appreciable reaction
amplitudes and that d waves might contribute. It is
therefore just possible that at least two high-spin
levels of opposite parity participate, say 2+ and 3—,
and all terms up to cos40 arise. The observed cross
section can be adequately 6tted by such an expression.

Three lines of reasoning, however, favor interpreting
at least part of the cross section in terms of direct
interaction:

(1) A rough estimate of the cross section for com-
pound nucleus formation, using the familiar asymptotic
expression, " yields the value 600 mb. Because the
compound nucleus is excited 9 Mev above the threshold
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 110-mb
cross section for the reaction Be'(P,P')Be'* (2.43-Mev
state) arises mainly by decay of the compound nucleus.

(2) Examination of the (p,np') cross section, in-
volving changes of proton energy of about 2.5 Mev,
Fig. 7, shows that direct reaction is an important
mechanism at 12-Mev bombarding energy.

(3) While inelastic proton scattering" from carbon
does not show the normal shape for direct interaction
processes, angular correlation measurements'~ indicate

O' J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics
(John Wiley and Sons, Inc. , ¹wYork, 1952), p. 350.» R. Sherr and W. F. Hornyak, Bull. Am. Phys. Soc., Ser. II,
I, 197 (1956), and R. Sherr eI al. , Proceedings of the Conference
on Nuclear Structure, University of Pittsburgh, June, 1957
(unpublishedl.
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that an appreciable amount of this reaction must,
nevertheless, take place directly.

Accordingly, attempts have been made to explain
the observed cross section in terms of the combination
of compound-nucleus formation and direct interaction.

Curve 2 of Fig. 5 illustrates the best fit for a single
l value together with an isotropic contribution from the
compound nucleus. The parameters involved are l=0,
a = 1.8X 10 " cm and (do/dQ), vq. = 2.5 mb/sterad.
While the agreement is satisfactory, such an inter-
pretation seems unlikely in view of the smallness of the
radius of interaction.

More plausible radii, " though a poorer fit, are
obtained using combined 3=0 and 3=2 distributions
and a contribution from compound-nucleus formation.
The dashed curves of Fig. 5 have been calculated
(arbitrary normalization) for /= 0 and l = 2 using radii
of interaction of 4.5 and 5.5)&10 "cm. A typical result
of the addition of such direct interaction terms and a
compound-nucleus cross section (do/dQ), ~q

——5—3 cos'0
is shown by Curve 1. While it is not quite possible to
find a combination that avoids a double-humped sum,
it is reasonable to expect that minor departures from
simple, direct reaction patterns could smooth this to
agree with observation. The implications of the con-
tribution of two / values in inelastic proton scattering
are discussed at length elsewhere. " Applied to this
case, it is thought that the l=2 contribution corre-
sponds to proton scattering without spin Aip, while the
l=0 contribution (diminished so that it does not domi-
nate over the contribution from higher i values) is
allowed only when spin Rip does occur. The selection
rules therefore lead to the conclusion that the final
state has angular momentum -,'or ~ and odd parity.

(iv) Level Properties

The work of Ribe and Seagrave, a study of the
reaction B"(rt, d)Be'*, has shown that the spin of the
2.43-Mev level is —,', -'„-,' or 9/2 and the parity odd. '
That result and those obtained here lead to the un-
ambiguous assignment ~

—for this level. "At 6rst sight
~8 The results already discussed yield five radii of interaction,

three from the elastic data (Table II) and two obtained from best
fit of inelastic scattering curves. Alpha-particle scattering led to
elastic and inelastic radii of 4.9 and 5.4X10 "cm, respectively,
while values obtained from the deuteron data were 5.0 and
5.6&(10 " cm. A similar trend toward larger radii for inelastic
scattering can be seen in the carbon and magnesium data of
Vaughn (reference 18).Its origin is due to the nature of the models
involved. Inelastic events result from collisions between the
incident particle and the "mere tail" of the nuclear wave function.
The diGraction pattern of elastic scattering, on the other hand, is
a consequence of the loss from the incident beam of those particles
absorbed by the nucleus. If the nucleus had an infinitely sharp
edge, the efI'ective radii would be identical; because, in fact, the
edge is quite diffuse, the values obtained for inelastic events will
be larger by an amount somewhat less than the width of the diffuse
region. Since the interaction radius for elastic proton scattering
was 4.6X10 '3 cm, an inelastic value near 5.0 should be antici-
pated. If nuclear penetration is important, the average radius of
interaction might be decreased to perhaps 4.0X10 "cm."The assignment —,—would still be valid in the unlikely event
that the interpretation of Curve 2, Fig. 5, were correct.

the 31.3-Mev inelastic-proton-scattering data do not
seem to be consistent with this. As the authors point
out, however, a poorer fit to their data is possible for
1=2 and radius of interaction 4.15X10 "cm. Not only
does this interpretation permit a final-state assignment
of —,—,but it also yields a radius of interaction of more
appropriate magnitude.

Spin ~ and odd parity is in accord with the inter-
mediate-coupling shell-model prediction for the 2.43-
Mev state. 4 The alpha-particle model gives the same
result. ' This assignment is also consistent with the
observed level width" and with the observation that
de-excitation proceeds almost entirely by neutron
emission. " In the transition to the Be' ground state,
the neutron will carry oR three units of orbital angular
momentum. A rough calculation for the probability of
this process gives a partial width of about 1 kev. The
partial width for magnetic-dipole radiation to the Be'
ground state would be of the order of 1 ev.

C. Three-Body Reactions Be'(P,nP')Be'
and Be'(rr, nn')Be'

Cross sections for the reactions Be'(p,np')Be' and
Be'(n, mn')Be', in which more than 90% of the available
energy is retained by the charged particle, are shown in
Figs. 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 more isotropic diRerential cross sections.

The process involved may be inelastic scattering in
which the final state is not bound. The scattered
particles will suRer arbitrary linear- and angular-
momentum changes because the neutron can have any
(quantized) angular momentum in addition to a wide

range of energies. The spherical Bessel functions of the
Austern, Butler, and McManus theory" must, therefore,
be averaged over appropriate k' and summed over l.
Approximate calculations of the diRerential cross
sections have been carried out and the results are shown
as solid curves in Figs. 7 and 11.The radii of interaction
used were those that best fit the corresponding inelastic-
scattering data. Because each computation involves

only one assignable parameter, viz. , the scale factor,
the close agreement between theory and experiment is
as remarkable as that obtained in any direct interaction.
The spectral shape resulting 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
increase with decreasing charged-particle energy. At
lower scattered-particle energies, the issue is compli-
cated by Coulomb eRects and by the decreasing

"Browne, Williamson, Craig, and Donahue, Phys. Rev. SB, 179
(1951)."G. A. Dissanaiire and J.O. Newton, Proc. Phys. Soc. (London)
A65, 675 (1952).
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this state is not as prominent in inelastic scattering as
the 2.43-Mev state. This implies that the cross section
for formation is 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. ' If this is true, then the
spin and parity is very probably -,'—.On the other hand,
Allen reports I"(0.1 Mev."

The reaction Li'(He', p)Be'* seems to provide
evidence for a level with excitation energy 4.8 Mev
and width about 1 Mev."In that experiment the proton
group corresponding to the 4.8-Mev state is as promi-
nent as the group due to the 2.43-Mev state. In the
31-Mev proton inelastic-scattering data, there is some
indication of the existence of a weakly excited level at
about 5 Mev. ' Fry has observed an event in nuclear
emulsion which is best interpreted as the decay of Li'
to an excited state of Be' at 4.4&0.8 Mev." In the
proton-scattering data reported herein, conditions were
not favorable for the observation of such a level because
of an overlapping deuteron group from a competing
reaction. Xo evidence of the level was found in the
alpha-particle bombardments and only the weakest
indication in the deuteron-scattering data. If the
heavy-particle stripping mechanism is successful in
discounting the evidence for a level at 1.8 Mev, then
this same mechanism could predict an "apparent level"
at 4.8 Mev even if one does not really exist. This is
because 4.8 Mev bears the same relation to the Be'*+m
threshold (4.6 Mev) as 1.8 Mev does to the Be*+a
threshold (1.666 Mev). Because the excited state of
Be' has a width of 1 Mev 4' the 4.8-Mev "level" would
appear at least as broad. It is not clear, however,
whether the cross section for such a process is suffi-

ciently large to account completely for the observations.
The emulsion event could be assigned to another level.

The existence 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 un-
certainties in the magnitude of the continuum under-
lying the peaks corresponding to these levels, quanti-
tative cross-section measurements were not possible.
Formation of these states in alpha-particle scattering
implies that they are isotopic-spin doublets. No evidence
for a level at 7.9 Mev was found but the search was only
cursory. Levels above 11.3 Mev could not be detected.

F. Reaction Be'(P,d)Be'

The application of Butler stripping theory4' to (d,p)
and (p,d) reactions is well established. Figure 6 shows
the experimental data together with the theoretical
cross section (normalized for best fit in the region 10'

~ K. %. Allen (private communication to F. Ajzenberg and T.
Lauritsen) .

"W. F. Fry, Phys. Rev. 89, 325 (1953).
~ Bonner, Evans, Malich, and Risser, Phys. Rev. 73, 885 (1948),

and F. C. Gilbert, Phys. Rev. 93, 499 (1954)."$.T. Butler, Proc Roy. Soc. (Lo.ndon) A208, 559 (1951).
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FIG. 16. The shape of the differential cross section for the re-
action Be (p,d)Be' at various bombarding-proton energies. The
data were obtained from the references cited in the text.

to 30') for the reaction Be'(p,d)Be8. The parameters
used are /= 1 and radius of interaction 4.50)&10 "cm.
The fit is excellent, the orbital angular momentum is in
agreement with the known initial and final spins and
parities, and the interaction radius compares favorably
with that found in elastic proton scattering at the same
energy.

With the reporting of the present results at 12 Mev,
data for this reaction are now available at bombarding
energies of 5 to 8,~ 12, 16.5,"22,"and 31.3 Mev ' This
case, therefore, presents the opportunity to test strip-
ping theory for one reaction at a variety of energies.
In Fig. 16 the available differential cross sections are
shown arbitrarily normalized. Apart from a slight
tendency for the measured values to separate at angles
greater than 70', there is no evidence that the shape
varies with energy. This is not at all what is to be
expected from simple Butler theory unless the radius
of interaction is itself a strong function of energy. It is
hard to see how the revisions to the theory that include
Coulomb interaction could lead to any improvement
because, for Z=4, such sects should be small. Bhatia
et a/. have pointed out that Butler's formula behaves
in a "special" or "singular" manner when the neutron.
binding energy is zero. 47 Because this condition is

44 J. A. Harvey, in Massachusetts Institute of Technology
Progress Report NP-3434, October, 1950 (unpublished), p. 58.

45 J. B. Reynolds and K. G. Standing, Phys. Rev. 101, 158
(1956).

4' Cohen, Newman, Handley, and Timnick, Phys. Rev. 90, 323
(1953)."Bhatia, Huang, Huby, and Newns, Phil. Mag. 43, 485 (1952) .
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nearly satisfied in the case of beryllium, it is possible
that the theory is not valid in this instance.

It would be interesting if another stripping reaction
were measured over a wide range of energies and a
similar comparison made. H the interaction radius were
again found to be a function of energy, it would be
clear that something more subtle than the binding
energy of the neutron is involved.

For the sake of clarity, the particular case of the
(p,ep ) reaction is discussed. Generalization is largely
a matter of notation. First consider the 3-body breakup
in the center-of-mass frame. Because the system has no
net momentum, the momentum vectors P„, P~, and
P~(ps, ~) are necessarily coplanar. If one chooses a
coordinate system in this plane so that P„ is directed
along the x axis, the kinematical equations are

G. Further Conclusions

Continued experimental investigation will be neces-
sary before the true level structure of Be' can be
clarified. Because of the prevalence 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 gamma
rays. Unfortunately, the large particle widths of the
Be'* states o6er little hope for the success of such
searches. However, a possibility does seem to exist,
namely, the examination of the beta spectrum (and
accompanying neutrons) from the decay of I.i'. The
fact that I.i' is a delayed-neutron emitter ' indicates
that this decay proceeds through one or more excited
states of Se'.
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APPENDIX

It is common procedure to determine from a charged-
particle spectrum the cross sections for reactions that
yield discrete energy groups. It is shown here that it is
also possible to obtain cross sections for multibody
reactions which yield continuum spectra provided, of
course, that their origin is unique. In particular, it has
been possible to measure differential cross sections for
the reactions Be'(p,np')Be' and Be'(n, en')Be' in which
the charged particle is emitted with 90'Po or more of
the maximum energy permitted. The results of these
measurements have been presented above.
"Gardner, Enable, and Moyer, Phys. Rev. 83, 1054 (1951).

P„+P„cosg„+P~cosgv ——0,

P„sing„+P~ sing~ ——0,

p2p2p2
+ +

2m„2m 2m~

(P„),.' ( m„+m~

4m, +m„+mii )2m'

When the proton does not take maximum energy,
the neutron and the Se' nucleus are allowed to have
various energies and angles. They do not have complete
freedom, however, until x—=E~/(E„),„ is sufFiciently
small. In particular, the angles are confined to the solid
cones given by

'm +mdiv m~(m, +m„+m~)
cosQ„& — m„+m~x ——

and

m„+mw m (m~+m +m~)
cosP~& — m~+m„x—

may

As a consequence, when the proton takes near maximum
energy, the other two particles are closely con6ned in a
small-angle cone. It may also be shown that they recoil
with nearly equal velocities. "

Preparatory to transforming to the laboratory frame,
consider now that the proton momentum is actually at
angle 8 with respect to some space-preferred x axis (i.e.,
the direction of incidence of the initial proton). Equa-
tions for the angles and energies of the neutron and
recoil nucleus are now extremely cumbersome (azi-
muthal symmetry has been lost); however, these do
not concern us. If one puts in the features of the initial
collision and transforms to the laboratory, it is easy
to show that

my
B=E; 1—

my+m~+m+
+e,

"It is this fact that has led to the consideration of potential
scattering or other interaction between neutron and Be to explain
the 1.8-.Mev "level."

where the angles are measured in the usual sense, the
m's refer to the masses of the particles involved, and 8
is the energy of the system. The maximum value of P„
(and hence of the proton energy E„) is obtained when

Q =/~= 180' and P /m =P~/m&. It is easy to show
that
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and

where

A (Ef/E;)
' = cos8)eb+ {cos'8t,b+8) i,

A = (m„+m, +mtv)/m„,

(m„+m„+mtv) ' E„
m„& E;

E;=laboratory energy of the incident proton, E~= labo-
ratory energy of the final proton, Q=energy release in
the reaction= —1.666 Mev, and 8&,b= laboratory angle
of observation of the final proton, corresponding to 0
in the center-of-mass system. With the equations above
it is possible to determine, for any laboratory angle
8i,b, the laboratory energies corresponding to any
desired center-of-mass proton energies.

In order to obtain a meaningful result for the relative
differential cross section of such a reaction, it is im-
perative to take measurements at various angles of the
number of scattered protons within some coestaet

center of-m-ass energy interval T. he interval chosen in
this investigation was 0.90 (E„),&E„&(E„)
After calculation of the equivalent laboratory energies,
and their equivalent ranges, it was possible to identify
the corresponding interval of the observed proton
spectra. As an example, these limits are shown by the
arrows R~ and EI, in Fig. 15 which illustrates the
observed data for ei,b=21'. Because the 2.43-Mev
inelastic peak and the pickup deuterons are super-

imposed on the continuum in this region, it was neces-

sary to interpolate between the end point and a region
where nothing interfered with the observation of the
continuum alone. These interpolations were done

linearly for simplicitly. Once the areas of the triangles
of continuum so defined have been determined, calcu-
lations of the cross sections follow in the same way as
those for a conventional reaction follow the deter-
mination of peak areas. The transformation from

laboratory to center-of-mass was carried out using the
dQ~,. b/dQ and the 8~,b-to-8 correspondence appropriate
to the median proton energy 0.95 (E„)
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Parity Conservation in Strong Interactions: Introduction and the Reaction
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A discussion is made of the ways in which parity conservation in ordinary strongly interacting nuclear
systems might be investigated. Three classes of experiment are proposed: in class I we look for violations
of absolute selection rules based on strict parity conservation and are sensitive to F2, the intensity of the
irregular or parity-nonconserving part of the wave functions; in class II we look for longitudinal polarization
of product heavy particles or circular polarization of gamma rays from initially unpolarized systems and
are here sensitive directly to P; in class III we look for odd powers of cose in the angular distributions or
correlations of radiations emitted from well-isolated nuclear states and are again sensitive to F'.

An experiment of class I is presented, namely a search for the radiative capture He'(d, p)Li' through the
0+ state at 3.56 Mev. It is concluded that the heavy-particle width of this state is zero within a standard
deviation of 0.2 ev and that this corresponds to 5'&1)&10 7.

INTRODUCTION

HE recent discovery that parity is not conserved
in p decay' or in the ~-tt-e decay' raises the

question of its conservation in the strong interactions
(nuclear and electromagnetic forces). Since the selection
rules based on parity conservation have always seemed
to hold good for both atomic and nuclear spectra, it is

$ Work performed under the auspices of U. S. Atomic Energy
Commission.

*This work was performed while the author was Visiting
Physicist at Brookhaven National Laboratory during the summer
of 1957.' Wu, Ambler, Hayward, Hoppes, and Hudson, Phys. Rev. 105,
1413 (1957).

~ Garwin, Lederman, and Weinrich, Phys. Rev. 105, 1415
(1957); J. I. Friedman and V. L. Telegdi, Phys. Rev. 105, 1681
(1957).

evident that any relaxation of parity conservation is
here much less than in the weak couplings where it
seems to be complete. However, just because the
conservation has never been seriously doubted and
seemed to be based on such general and reasonable
considerations, no serious attempt was made deliber-
ately to test it prior to the recent discoveries among
the weak interactions. The evidence in the literature
suggests that the admixture of parities in the eigenstates
of atoms or in their electromagnetic transitions is less

than about 10 ' in intensity. This means that the
strength of the parity-nonconserving part of the electro-

magnetic coupling is less than about 10 ' of the parity-
conserving part. The corresponding evidence for nuclear

states and nuclear forces is much less good, owing chieQy


