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general shape as that obtained by Baggett and Bame
who bombarded Li' with deuterons and detected all
neutrons above 10 kev coming from the target with

approximately equal eSciency using a boron triQuoride

counter. It must be deduced, therefore, that either all
three possible reactions have similar excitation func-

tions, or that either or both of the other two reactions
have a relatively smaller cross section. In order to
determine the ratio of the intensities of neutrons result-

ing from reactions proceeding direct to the ground

state of Be' to those to the first excited state, the spec-

trometer was used in a diferent way. The 6rst, close-up,

crystal was biased to accept protons recoiling from

neutrons scattered in it which were then detected by
the second counter. While it was not possible to resolve

the two neutron groups adequately by this technique, it
appeared that the transitions to the first excited state
predominated at E~——600 kev. This result is in contra-

diction to the results of Gibson and Green'4 using
photoplate technique and working with 8&=930 kev.

If it is assumed that the isotropic character of the
correlation at E~=400 kev arises from the capture of
s-wave deuterons, then the excitation curve may be
corrected for the Coulomb penetrability at the low-

energy end. This leads to the resonance shown in curve
8 of Fig. 10 which would correspond to an excited state
in Be' at 22.6 Mev in accord with previous work. "
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Elastic and Inelastic Scattering of 3l.S-Mev Alpha Particles by Light Nuclei*
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Using the 31.5-Mev alpha-particle beam of the Massachusetts Institute of Technology cyclotron, a
study has been made of the angular distributions obtained in the (n,o.) and (n,n ) interactions on Li', C',
and Mg'4. Separation of the alpha particles from other products of the alpha-induced reactions was
accomplished by a dE/Ch and E two-crystal technique developed at the cyclotron laboratory. The
experimental inelastic angular distributions are shown to be in agreement with those predicted by the
direct surface interaction theory. The experimental elastic angular distributions are compared with the
diftraction of light by an opaque sphere. The probabilities of excitation of isotopic spin "forbidden" and
"allowed" levels were also obtained for specified levels of Li' and Ni .

I. INTRODUCTION

' "Thas long been recognized that a direct experimental
~ - study of the scattering of charged particles by
atomic nuclei provides a valuable source of information

concerning the force field of the nucleus. In recent

years there has been a renewal of interest in the

scattering of alpha particles, occasioned by the high

energies to which they may be accelerated in the various

types of particle accelerators. For the most part, these

investigations have been confined to a study of elastic

scattering phenomena, ' 4 and relatively little informa-

*This work was supported in part by the joint program of the
OfFice of Naval Research and the U. S. Atomic Energy
Commission.

t Lieutenant Commander, U. S. Navy, now on duty with
Commander Joint Task Group 7.3.
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3 Wegner, Eisberg, and Igo, Phys. Rev. 99, 825 (1955).
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tion" is available concerning the (n,n') interaction.
The stable 31.5-Mev high intensity alpha-particle
beam of the M.I.T. cyclotron, used in conjunction with
a particle selection technique developed by Aschen-
brenner, ~ has proven to be of great value in extending
the scope of these investigations.

The primary object of this experiment was to obtain
information concerning the (rr,n') scattering process by
a study of the inelastic angular distributions. Prelimi-
nary data disclosed a well-de6ned structure, asymmetric
in the center-of-mass coordinate system and quite
suggestive of the angular distributions predicted for
a direct surface interaction. ' The objective of comparing
experimental data with this or any other theory imposed
certain restrictions on the choice of target nuclei.

~ Rasmussen, Miller, and Sampson, Phys. Rev. 100, 181 (1955).
F. J. Vaughn, University of California Radiation Laboratory

Report UCRL-3174, October, 1955 (unpublished).' F. A. Aschenbrenner, Phys. Rev. 98, 657 (1955).
'Austern, Butler, and McManus, Phys. Rev. 92, 350 (1953).
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First of all, the excitation energies and spins of the
levels to be studied must be known. Furthermore,
since it was desirable to investigate the scattering from
at least two excitation levels of each nucleus, the
energy resolution of the detecting equipment required
that the first four energy levels be separated by at
least 1 Mev. In addition, the targets could not be
formed of compounds but must consist of a single
element and, depending on the level structures, of a
single isotope, to permit clean energy resolution of
the separate alpha-particle groups. These requirements
were all fulfilled by the four target nuclei Li', C", N",
and Mg", chosen for investigation in this experiment.

The level structure and known quantum numbers' "
of Li' and N" also permitted a measure of the validity
of the isotopic spin selection rule in the (n, n') inters, c-
tions. Since the alpha particle and the ground levels of

these two target nuclei all have T=O, according to the
isotopic spin selection rule the low-lying T= j. levels
should not be excited appreciably. The experimental
procedure of this investigation permitted a measure
of the probability of excitation of these forbidden
levels relative to the probability of excitation of the
levels "allowed" by the isotopic spin selection rules.

The angular distributions of alpha particles elastically
scattered by Li', C", and natural Mg were also obtained
in order to augment the available information" " on
the elastic scattering of alpha particles by light nuclei.

II. EXPERIMENTAL PROCEDURE

A. Cyclotron and Emergent Beam

The alpha particles used in this experiment were
produced in the M.I.T. cyclotron" by accelerating
doubly ionized helium atoms to an energy of 31.5&0.4
Mev. By means of a focusing magnet, the external beam
is directed into the scattering chamber through a tube
containing tantalum baRes which prevent small angle
scattered particles from reaching the target. The
baffled tube terminates in a defining and antiscattering
slit system at the entrance to the scattering chamber.
The focusing system produces, at the center of the
target, a spot which is ~ inch wide and —,', inch high.
A foil changer, located between the baRed tube and
the slit system, makes it possible to insert aluminum
foils in the alpha-particle beam to reduce the beam
energy at the target. A schematic diagram of the
cyclotron and scattering chamber is shown in Fig. 1.

B. Scattering Chamber

The scattering chamber was designed by HaGner. "
Its principal features are:

1. The chamber contains mounting arms for two
counters. Each arm can be rotated from 0 to ~&7O
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degrees with an accuracy of ~0.3 degree. This provides
versatility in that the arrangement is excellent for
particle-gamma coincidence measurements and for
angular correlation studies.

2. The target holder has a capacity of four and can
be rotated through 360 degrees. Target choice and
angular position can be controlled remotely from the
outside area. The targets can be raised into the bell jar
hydraulically, in which position the scattering chamber
is sealed o6, and completely isolated from the bell
jar, and targets can be changed without affecting the
scattering chamber vacuum. In addition, an evaporator
is contained in the bell jar permitting targets to be
made and subsequently bombarded without exposure
to air.

3. The angular position of counter arms and target
is measured by bridge circuits which contain precision
helipots. This provides the positioning accuracy of
0.3 degree previously mentioned.

4. The angular position of counter arm or target
and the choice of target can be controlled remotely
from the outside area or from within the scattering
chamber vault. The Plexiglas windows permit visual
observation of the scattering chamber interior.

C. Particle Selection Technique

Identification of the charged particles which result
from alpha-particle induced reactions was accomplished
by the method described by Aschenbrenner. ' This
technique is excellent in that it permits complete
separation of reaction products of diferent charge
and/or mass. However, due to the necessity of travers-
ing the plastic scintillator, an undesirable restriction is
imposed on the maximum angle at which a scattered
particle has sufhcient energy for detection at the NaI
crystal. In order to improve the angular resolution in
the present experiment, the particle selective counter

was redesigned, as shown in Fig. 2, to allow an increase
of target to counter-aperture distance within the
confines of the scattering chamber. In addition, the
energy resolution of the counter was improved by
decreasing the plastic scintillator thickness to 20
mg/cm'. Figures 3—5 show the intensities of the alpha-
particle groups, observed at a laboratory angle of 32
degrees, which result from the 31.5-Mev alpha-particle
bombardment of Li', C", and natural Mg, respectively.

s
Scale &~a t SCole z„

Mg («,~) Mg
I 0 0Mev

ac Part'pie tram Natural Mg TOr

Counter Angle 52'

Mge~(m, oc') Mge4

Q ~ -4,I5Mev

0
t4.4 Blas (volts) 25.2
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D. Beam Energy Determination

To determine the alpha-particle beam energy, a thin
Li' target is inserted in the beam at the center of the
scattering chamber and a 274-mg/cm' aluminum
absorber is placed in front of the counter aperture.
The particle-selective counter is then used to identify
the two proton groups resulting from the reactions
Li'(n, p)Be" Q= —2.56 Mev, and Li (n,p)Be"* Q=—5.94 Mev. If we define E~ and E„as the energies of
the protons incident on the XaI crystal from the
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III. EXPERIMENTAL RESULTS

A. Angular Distributions

The angular distributions of alpha particles scattered
inelastically by Li', C", and Mg'4 are shown in Figs.
6 to 1j.. The indicated errors include all uncertainties
affecting a comparison of relative intensities. Where no
errors are indicated, the uncertainty lies within the
limits of the finite point size or the width of the curve.
An additional error of 2% should be included to account
for the uncertainty in absolute differential cross-section
values. The positions of the maxima and minima for
each observed inelastic angular distribution are indicated
in Table I.
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TanLE L Angular positions (in the center-of-mass system) of
maxima and minima experimentally observed in the inelastic FIG. 10. Experimental angular distribution of alpha particles
alpha-particle angular distributions. scattered inelastically from the 1.37-Mev level of Mg".

Target
nucleus

12

Excitation
level

(Mev)

2.19
2.19
45
4.5

4.43
4.43
4.43
4.43
7.65
7.65
7.65
7.65
7.65

1.37
1.37
1.37
1.37
1.37
1.37
4.12
4.12
4.12
4.12
4.12
4.12
4.12

Maximum
or

minimum

min
max
Inln
nlax

min
max
min
max
max
Inln
max
min
max

min
max
min
max
min
max
min
max
min
max
Inln
max
min

Center-
of-mass

angle

34.5
44.0
42.5
52

32
43
66
75
24.5
35
46
56.5
65

25
32
40.5
46.5
57
64.5
29.5
33.5
43
51
60.5
69
80

Intensity
mb/sterad-atom

33
108

14

3
13.5
2.0
4.8
9.25
0.75
2.25
0.60
1.25

4.5
20.5
4.0
9.0
1.0
2.5
1.70
2.56
0.88
1.32
0.52
1.00
0.60

previously observed with the particle selective counter,
by the percentage pulse-height change produced by
inserting selected absorbers in front of the counter
aperture. In the scattering from carbon, for example,
it was determined by this expedient that the differential
cross section for scattering of any detectable alpha-
particle group at angles greater than 90 degrees was
less than 0.8 mb/steradian-atom. From this it appears
that, at least in the case of C", the inelastic scattering
is confined primarily to the forward quadrant.

In the present experiment, the beam energy was
known to vary as much as 0.4%, depending on the
power level of the cyclotron, largely due to variations
in the rf heating and the subsequent mechanical
motion of the dees. The continuous reproducibility of
data, regardless of the cyclotron power level, implied
that the diGer'ential cross sections were not strongly
energy dependent. To verify the insensitivity to small
changes in beam energy, angular distributions of the
alpha groups corresponding to the ground, first, and
second excited levels in both C" and Mg" were also
taken with reduced beam energies of 30.9 Mev and 30.4
Mev. Angular distributions obtained at both reduced

The well-defined structure in the angular distributions
of Figs. 6 to 1j. was quite suggestive of a direct interaction
process; however, one must study the scattered
intensity at large angles in order to determine whether
or not any angular symmetry exists. To accomplish
this, the plastic scintillator was removed from the
particle selective counter and only the XaI scintillator
was used for particle detection. This eliminated some
20 mg/cm' of absorbing material and removed the
previous limitation on the maximum permissible
angle of observation. Since the response of XaI to
protons, deuterons, and alpha particles is known" it
was possible to identify the alpha-particle groups

C
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' Taylor, Jentschke, Remley, Kby, and Kruger, Phys. Rev.
84, 1034 (1951).

FIG. 11. Experimental angular distribution of alpha particles
scattered inelastically from the 4.12-Mev l'evel of Mg",
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dicts an angular distribution varying as
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FIG. 19. Experimental data for the interaction Mg '(0.'n')Mg"*,
Q= —1.37 Mev, compared with theoretical angular distribution.

for excitation from the J=O+ ground level to the
J=2+ first excited level in C". Figure 17 shows the 6t
with experimental observations and also illustrates
the sensitivity of the spherical Bessel function to a
small change in R. The value of R which gave the best
agreement at forward angles required an alpha-particle
radius of 2.5)(10 '3 cm for ro ——1.5)&10 '3 cm. This is
not incompatible with the previously mentioned
evidence for a large alpha-particle radius. It is noted
that the data deviate from the theoretical curve at
angles greater than 50 degrees as expected from the
discussion of its range of validity.

(c) C"(n,n')C"*, Q= —7.65 Mev.—In this case, a
~js(ER) ~' curve is predicted since the ground and
second excited levels are both J=0+. Agreement
between theory and experiment is illustrated in Fig. 18
where the 6t is seen to be extremely good. The value of
R is the same as was used for the 6rst excited level of C".
Since the first maximum shown is actually the first
maximum occurring beyond zero degrees for the jo
curve, agreement at larger angles should be somewhat
better than in the previous case. This is illustrated
quite well in Fig. 18.

(d) Mgs4(rr, rr')Mgs4@, Q= —1.37 Mev.—Because of
the kinematics of the interaction, the center-of-mass
angular range of observation is increased for interactions
involving heavier target nuclei. For a ground level
spin of J=O and a J=2 excited level, both of even
parity, the theory predicts a

~j s(ER)
~

angular distrib-
tion. The experimental data 6t the theoretical curve
extremely well and this agreement continues past the
third maximum of the spherical Bessel function (second
maximum shown), as indicated in Fig. 19. With a unit
radius ro ——1.5)&10 " cm, an alpha-particle radius of
2,1X10 " cm was required to 6t the curve. By bom-
barding magnesium with 42-Mev alpha particles,
Gugelot and Rickey" have obtained almost identical
results. Their data are aPProximated by a ~j s(ER) ~'

curve and require a radius R= (1.5A &+2.21)&& 10 "cm.
(e) Mg'4(nor')Mg'4* Q= —4.12 Mev.—The level of

excitation involved in this interaction is actually a
doublet. "The lower level has been determined to be
7=4+ for which the theory would predict a

~j4(ER)
~

'
angular distribution. However, the nuclear radius
required to fit the data to this curve is too large to be
considered physically meaningful. The agreement
between experimental observations and a

~ j,(ER) ~'

spherical Bessel function, illustrated in Fig. 20, is
seen to be extremely good. The theoretical curve was
obtained by using a unit radius ra=1.5)&10 " cm and
an alpha-particle radius of 1.9X10 " cm. This result
can be interpreted to indicate that the higher level,
having a spin J=2, is excited and that in this interac-
tion, excitation of the J=4 level is discriminated
against because of the higher angular momentum
transfer which would be involved.

"P.. C. Gugelot and M. Rickey (unpublished).
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The inelastic scattering process has more recently
been described for even-even nuclei in terms of the
excitation of Bohr-Mottelson surface vibrations. "
When this model is used, a simple Born approximation
calculation shows that the angular distributions of
scattered nucleons are identical with those predicted by
the direct interaction model in the 0 to 2+ transitions. "
In this collective description of the scattering process,
the alpha-particle interacts with the nuclear surface
and the necessity of a large momentum transfer to a
single surface nucleon, a controversial feature of the
direct interaction process, does not occur.

In Table II, the experimentally obtained positions
of maxima and minima are compared with those
predicted by the direct surface interaction theory.
These results show that a direct interaction picture at
least represents the angular distribution data. If a
collective model can be used to predict more quantita-
tive results, one may better be able to understand the

Target
nucleus

Excitation
level

(Mev)

Maximum
or

minimum
Center-of-mass angle (deg)
Experiment Theort.

C12

2.19
2.19
4.5
4.5

4.43
4.43
4.43
4.43
7.65
7.65
7.65
7.65
7.65

1.37
1.37
1.37
1.37
1.37
1.37
4.12
4.12
4.12
4.12
4.12
4.12
4.12

min
max
Inln
max

min
max
min
max
max
min
max
min
max

min
max
min
max
min
max
min
max
min
max
min
max
min

34.5
44
42.5
52

32
43
66
75
24.5
35
46
56.5
65

25
32
40.5
46.5
57
64.5
29.5
33.5
43
51
60.5
69
80

35
45
41
53

32
42
52
62
24.5
35.5
44.5
55.5
65

25
32
40
47
55
63
26.5
34
42.5
50.5
59
67
77

Tmr. E II. Angular positions of maxima and minima of the
inelastic alpha-particle angular distributions. Experimental data
coInpared with theoretical predictions for the direct surface
interaction model,
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FIG. 21. Relative intensities of protons, deuterons, and alpha
particles from the 31.5-Mev alpha-particle bombardment of I.i",

process primarily responsible for the inelastic scattering
angular distributions.

B. Elastic Scattering

The reasons for the smooth cross-section variation
from 60-78 degrees shown in Fig. 13 are not understood.
The di8raction pattern is apparently masked by
interference with some other process occurring in the
interaction and this appears to warrant further investi-
gation. A similar phenomenon was observed in the
elastic scattering of 48-Mev alpha particles by carbon'
and also in the elastic scattering of deuterons from
oxygen. "

The large (n,p) and (n, d) cross sections observed
in this experiment (Fig. 21) have been reported by
others and are interpreted as indicative that nuclei
are opaque to high-energy alpha particles. In Table III,

~S. Hayakawa and S. Yoshida, Proc. Phys. Soc. (London}
A68, 656 (1955); Progr. Theoret. Phys. Japan 14, 1 (1955).

~Freemantle, Gibson, Prowse, and Rotblatt, Phys. Rev. M,
1268 (1953).

the elastic scattering angular distributions of the
present experiment are compared with those predicted
for scattering from an opaque sphere. The theoretical
curves were 6tted, using values of R which gave an
exact fit at the position of the 6rst experimental
maximum.

If the nucleus is represented as being completely
opaque out to the radius R, then the differences b,R,
between these values of R and the interaction radii
required to fit the theoretical curves to the inelastic
scattering experimental data, can be interpreted as
indicative of the diffuseness of the nuclear surface.
This model of the nucleus is similar to the optical
scattering model which can be deduced from the

Natural
c.m. angular Mg
position of

maxima (deg)
Expt. Opaque

sphere
R =5.4

)(10» cm

c.m. angular
position of

maxima (deg)
Expt. Opaque

sphere
R =4.4

)(10» cn

Lie
c.m. angular
position of

maxima (deg)
Expt. Opaque

sphere
R =4.5

)&10» cm

24
39
55

24
41
55

29
48

~ ~ ~

83

29
50
69
89

33.5

TABLE III. Angular positions of the maxima observed in the
elastic scattering angular distributions compared with those
predicted for scattering from an opaque sphere.
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The concept of a diffuse surface opaque nucleus, a
model consistent with that employed in an analysis of
the inelastic scattering data, predicts results in close
agreement with the elastic angular distributions as
indicated in Table III. This cannot be interpreted as
verification of the validity of the model, however,
since equally good agreement is obtained by comparing
the experimental data with that predicted for scattering
by a square-well potential on which the superposed
Coulomb potential is cut off at the nuclear radius.

A recent, and as yet unpublished, elastic alpha-
particle scattering experiment was performed to
study the angular dependence of

(der y t'drr q

(dQJ (dQi o.„r. ,

15 25 35 45 55 65
6 (Center af Mass)

I

75 95

at 40 Mev over a range of elements from carbon to
silver. "A composite plot of these data shows the details
of the gradual change from the diffraction to exponential
behavior with increasing atomic number. The data of
the present investigation are illustrated in this same
form in Fig. 22 to facilitate a comparison of the behavior
at the bombarding energy of 31.5 Mev used in this
experiment. The general characteristics of both
composite plots are quite similar.
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