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The complex alpha particle-nuclear potential is determined with small uncertainty at the nuclear surface
by experiments with alpha particles in the range of bombarding energies up to 50 Mev in conjunction with
this optical-model analysis which assumes that the shape of the complex potential is exponential at the
nuclear surface. The potential is given by the expression

r —1.17A& . r —1.402&
U +W = —1100exp — —45.7i exp — Mev,

for values of r (in units of 10 "cm) where the real part is & —10 Mev. The elastic scattering data has
been used to determine the potential. The calculated reaction cross sections are found to be in satisfactory
agreement with excitation function data.

The total reaction cross section 0.~ for alpha particles in the energy range 0—50 Mev on nuclei with charge
Z=10, 20, 30, 50, 70, and 90 has been calculated using the potential V +i W obtained from the analysis
of elastic scattering data. The calculated values may be interpolated to obtain 0z for other values of Z.

I. INTRODUCTION optical-model potential obtained from elastic scattering
data.

In practice, excitation functions are measured for
only a few of the many possible reactions induced under
alpha-particle bombardment. In many nuclei, however,
these represent the bulk of the reaction cross section,
and consequently the sum of the measured excitation
functions can be compared with the reaction cross
section calculations. A method" for measuring the
to/a/ reaction cross section has been applied to proton-
induced reactions. "No similar measurement for alpha
particles has been reported so far. The results of this
analysis suggest that excitation function data may also
be valuable in optical-model analyses of reactions
induced by protons, deuterons, etc.

LASTIC scattering cross sections' "and excitation
— —~ functions" " have been measured from many
elements with alpha particles of bombarding energies
ranging up to 50 Mev. The analyses'"" " made so
far have been only of the elastic scattering data.
However, the optical-model calculations also predict
the total reaction cross sections. These may be corn

pared with the combined excitation functions for all
possible reaction products as a further test on the

*Work performed under the auspices of the U. S. Atomic
Energy Commission.
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II. ELASTIC SCATTERING

The elastic scattering of 18-Mev alpha particles from

argon, ' 40-Mev alpha particles from copper, ' and 48-
Mev alpha particles from lead' has been extensively
analyzed in terms of the optical model. "In Figs. 1, 2,
and 3, the experimental cross sections are plotted along
with the best fits obtained from the optical-model
analysis. The conclusion of this analysis was that the
elastic scattering cross section is very sensitive to the
surface of the real part of the nuclear potential. The
results of earlier analyses are compatible with this
statement. The real part V of the potential obtained

28N. M. Hintz, Proceedings of the University of Pittsburgh
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(University of Pittsburgh and Ofhce of Ordnance Research, U. S.
Army, 1957);R. M. Eisberg, Proceedings of the International Con-
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v. C. E. Porter, and D. S. Saxon (The Research Council, Florida
State University).
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ANALYSIS OF EXCI TATION FUNCTION DATA
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g i the
imaginary part (as well as in the real part). The
angular distribution obtained from this potential does

not 6t the copper data as well as those obtained from

the other potentials (the least-squares residual is five

times as large as the best of the other two).
These results show that alpha-particle scattering

defines the complex nuclear potential reasonably well

at the surface, and are in accord with qualitative

W = —45.7 exp) —(r—1.403')/0. 578) Mev,

over the radial range where V is valid. ln Figs. 10,
11, and 12, the best imaginary parts of the potential
(V+iW)/(1+exp['r —ro)/dg) are plotted for the three
angular distributions. Also plotted is 8' for argon,

copper, and lead, respectively. The imaginary parts of
the potentials do not fall together as well at the surface

for goodness of fit. The best fits (see Figs. 4, 5, and 6) of the potential as do the real parts The potential
lie close together. The remaining potentials deviate
considerably from these best fits. —(19+13i)/(1+exp t (r 7 22—)/0. 5j) M. ev

The imaginary part of the nuclear potential has also
now been obtained and it may be expressed as (see Figs. 11 and 5) shows the lar est deviation ii
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arguments made earlier by Ford and Wheeler. "These
authors assumed that the mean free path of alpha
particles in nuclear matter would be small. Conse-
quently, the alpha particle would sample the potential
at large values of r, where the Woods-Saxon potential"
may be written approximately as

(V+i W) exp[ —(r rs)//d7—,

,in agreement with the results of this analysis. Blair"
has concluded, from an extensive analysis of alpha-
particle data using the sharp-cutoff model, " that the
scattering of alpha particles is primarily determined by
the nuclear surface. Brussaard" has also concluded,
from an application of the WEB method to the
Schrodinger equation, that the scattering should be
insensitive to the inner part of the potential.

III. EXCITATION FUNCTIONS

Total reaction cross sections have been calculated
using the potential derived from the elastic scattering
analysis, '2
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3' P. J. Brussaard, thesis, University of Leyden, 1958 (unpub-

lished).
~ See Part V for details on the calculation of total reaction

cross sections.

-2

0 6 8
r (ferfnis)

IQ I2 14

FxG. 12. The imaginary part of the nuclear potentials which
best 6ts the elastic scattering data for 48-Mev alpha particles on
lead plotted as a function of r in units of 10 's cm. The potential—45.7 expL —(r—1.40AI)/0. 578$ is also plotted.



1670 GEOR GE I GO

102

10 —~
I

2.5
I

3.5
1

4 4.4
(Mev)

Frc. 13. The quantity o-z calculated from the alpha-particle
potential for magnesium. The points represent the trend of the
(~,n) cross section on magnesium, multiplied by a factor to take
into account the abundance of Mg".

beryllium, "magnesium, "aluminum, "nickel, ' copper, '4

zinc ' silver ' "bismuth, ' uranium, ' and plutonium "
The reaction cross sections can be compared with
measurements of excitation functions for alpha-induced
reactions if proper account can be taken of the contri-
bution of reactions not measured in the experiments.
For instance, the (n,p) reaction on aluminum is favored
by a positive Q-value, whereas only the (n,e) excitation
function" up to T=4.5 Mev has been measured.
Consequently no quantitative comparison can be made.
In the light elements (A &69), the probability of proton
emission F„is reported large at T=20 Mev."'4 Conse-
quently, when excitation functions are missing for
reactions where charged particles are emitted by light

elements, it is impossible to make a quantitative
comparison. " Some of these excitation functions are
missing in the nickel" and copper" measurements.
Here one can only note that the calculated cross
sections are larger than the partial cross sections which
are measured. Since it is very dif6cult to extrapolate
the total reaction cross section o.g to values of Z less
than 10, no attempt was made to compare the calcu-
lations with the excitation functions of boron and
beryllium.

In Fig. 13, 0-g for magnesium is compared with the
excitation function measured by Halpern" for the (n,n)
reaction on magnesium in the energy range T=2.5 to
4.4 Mev. In this experiment neutrons from the (n, n)
reaction were measured to obtain an excitation function,
and consequently the (n,e) reaction on all three isotopes
of magnesium (78.47% Mg'4, 10.18% Mg", 77.47%
Mg") could contribute to the measured neutron cross
section. However the (n,p) reaction on Mg'4 will account
for most of the total reaction cross section in Mg'4 in
this energy range because of the large positive Q-values.
The (n,e) and (n,p) reactions on Mg" will be small
because of the negative Q-values (—1.8 and —2.9 Mev,
respectively) for this range of T. The (n, n) and (n,p)
reactions on Mg" have Q-values of 2.2 and —0.7 Mev,
respectively. It is therefore apparent that the bulk of
the observed neutrons are coming from the Mg" (n,n) Si"
reaction. The experimental cross sections multiplied
by a factor to take in account the relative abundance
(10.18%) of Mg" in natural magnesium are plotted
also in Fig. 13. It should be noted that any contribution
from the (n,e) reaction on Mg" and Mg" will decrease
the values of the points plotted in Fig. 15, and bring
them into better agreement with the calculation.

In Fig. 14, 0-~ for zinc is plotted. The sum of the
measurements of Porile" for the (n,y)+(n, 2pl)+(n, ne)
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Fre. 14; The quantity a-z calculated from the alpha-particle
potential for zinc. The points are Porile's data on the total
reaction cross section for alpha-induced reactions on Zn".

33 B.L. Cohen and E. Newman, Phys. Rev. 99, 718 (1955).
"Cohen, Newman, and Handley, Phys. Rev. 99, 723 (1955).

(

25

FIG. 15. The curve is 0-g calculated froIn the alpha-particle
potential for silver. The solid circles, ~, are the sum of the (o,,n)
and (O.,2n) cross sections. The open circles, O, are the sum of
(n n), (n 2n), and (n,np) cross sections.

'5 See, for instance, J.M. Blatt and V. F. Weisskopf, Theoretical
Nuclear Physics (John Wiley 8r Sons, Inc. , New York, 1952), p.
365.
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TABLE I. Woods-Saxon potential parameters.

V P"
Z A (Mev) (Mev)

10 20 —50 —6.27
20 40 —50 —8.33
30 65 —50 —10.5
50 119 —50 —15.1
70 173 —25 —9.57
90 232 —25 —12.2

t'p

(10» cm)

1.17A &+1.77
1.17A &+1.77
1.17A &+1.77
1.17A &+1.77
1.17A &+2.17
1.17A &+2.17

0.576
0.576
0.576
0.576
0.576
0.576

1.17A & 4.4
1.17A & 5.5
1.17A & 6.5
1.17A & 8.0
1.17A$9.0
1.17A & 10.0

&c
(10» cm) (10» cm) n

20

l5

and

Ze'-1 ]1 ei
eA Ax

r, x kx 2)

where

e3~
(

e "+2m+—
~, x&1

3i

LLI

X
gp 10

(V+iW)
(r rof-

1+exp /—
d )

have been chosen to reproduce V +iW for values of
r where the real part of the potential & —10 Mev. The
depth of the potential for small values of r is also Axed
when the parameters in Table I are used although it
has been shown" that alpha-particle scattering is not

x= r/r„

and where n is 10 for heavy elements and is proportional
to 2 l. Large values of e (10) give charge distributions
approximately constant for small values of r; small
values, exponential charge distributions. The quantity
r, is the distance out to the half-value point of the
charge distribution. The value 1.172'&10 " cm was
chosen larger than the value obtained from the electron
scattering experiments4' to take roughly into account
the e8ect of the 6nite size of the alpha-particle charge
distribution.

The parameters V, 5", ro, and d listed in Table I for
the Woods-Saxon" potential

&0 20 50 40 50 60 &0 80 90
z

FrG. 20. The quantity e versus Z; e has been calculated using the
parameters listed in Table II.

sensitive to the depth. This procedure was necessary in
order to use the existing calculational program.

Table II lists the calculated values of the total
reaction cross sections using the parameters listed in
Table I. The quantity T is the kinetic energy in the
center-of-mass system, and e is the maximum height of
the potential barrier for l=0 alpha particles. Figure 19
is a plot of oz verses T/e. It is relatively easy to inter-
polate between the calculated cross sections for inter-
mediate values of Z using Fig. 19. The quantity e is
plotted versus Z in Fig. 20 where e has been calculated
using the parameters listed in Table II.

TABLE II. Total reaction cross sections, O.g.

Z
e(Mev)

T
(Mev)

10
3.33
erR

(millibarns) T/e
T

(Mev)

20
6.34

O'R
(millibarns) T/e

T
(Mev)

30
8.97

(millibarns) T/e

Z
e(Mev)

33.3
25.0
16.7
8.33
4.77
2.50
1.67

T
(Mev)

38.7
29.0
19.35
14.50
9.68
7.73
4.84

1176.9
1231.2
1219.6
1038.0
419.42

23.74
0.3461

50
13.76

(millibarns)

1809.7
1521.9
871.5
230.9

0.327
0.001542
0

10.0
7.50
5.01
2.50
1.43
0.750
0.502

T/e

2.81
2.11
1.408
1.053
0.704
0.562
0.352

36.4
27.3
18.2
9.09
7.28
4.54
2.73

T
(Mev)

58.7
39.1
29.3
$9.55
14.68
11.70

1465.4
1426.0
1286.5
659.3
322.6

3.852
0.000762

70
18.15

o'R
(millibarns)

2184.0
1783.1
1309.4
307.64

2.333
0.00526

5-73
4.30
2.86
1.43
1.147
0.715
0.430

T/e

3.23
2.15
1.61
1.075
0.807
0.643

37.7
28.2
18.8
9.42
7.52
4.71

T
(Mev)

59.0
39.3
29.5
19.7
17.7
14.75

1655.0
1528.8
1230.8
200.14

16.56
0.00419

90
22.06

aR
(millibarns)

2316.6
1692.8
920.4

17.14
1.3055
0.00893

4.20
3.14
2.095
1.05
0.838
0.523

T/e

2.67
1.78
1.335
0.891
0.804
0.667
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VI. SUMMARY

The conclusion reached earlier" and discussed in
detail in this paper, that alpha-particle elastic scattering
is sensitive to the potential surface, is strengthened by
this analysis of excitation function data. The reaction
cross sections versus bombarding energy obtained from
V +iW have been compared with alpha-induced
excitation functions. """ When proper account is
taken of missing reactions, i.e., alpha-induced reactions
on a particular nuclide which have not been measured,
the excitation functions measure the total reaction
cross section as a function of bombardment energy.
The agreement with the excitation function data
strengthens the conclusion reached from the elastic-
scattering analysis.

Qualitative arguments can be made to account for
the conclusion stated above. Ford and Porter" make a
"brick wall" argument to suggest a short mean free
path for complex nuclear structures such as the alpha
particle in nuclear material. Rasmussen4' has empha-
sized the importance of the exclusion principle in
alpha-particle interactions, namely that at these bom-
barding energies the alpha particle as an entity is
probably excluded from the center of the nucleus. A
possible way to treat the optical model taking into
account the exclusion principle has been suggested
recently by Frantz et al.44

I

',yb

Some rough conclusions can be drawn concerning the
alpha decay of heavy nuclei. In Fig. 21 the real part of
the total potential obtained from this analysis (curve e)
is compared with the charge distribution" (curves a
and b) for uranium (curve b is a scaled-up section of '

curve a). The neutron distribution is assumed to be
equal to the charge distribution. The present analysis
indicates that the elastically scattered alpha particles
do not penetrate to depths appreciably greater" than
r=9.9 fermis in the uranium nucleus, since the scatter-
ing is not sensitive to the real part of the potential at
smaller values of r. In alpha decay, alpha-particle
clusters formed at smaller values of r would dissolve
before they could penetrate the Coulomb barrier. The
probability of finding two neutrons and two protons
beyond r=9.9 fermis (the hatched area in Fig. 21) is
of the order of 0.02%. This must be considered a
qualitative result for several reasons. First, no account
has been taken of the effect of surface deformations.
Rasmussen and Segall4~ point out that the alpha-particle
wave functions must be nonuniform on the surface of
a spheroidally deformed nucleus in order to account
for measured alpha-particle decay intensities. In addi-

tion it should be noted that the electron scattering
results are not very sensitive to the exact shape of the
tail of the charge distribution. 4'
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FIG. 21. Curves a and b are the form factor for the charge
distribution of uranium (curve b is a scaled-up section of curve g).
Curves c and d are the Coulomb potential for Z=92 and the real
part of the alpha particle-nuclear potential, respectively. Curve e
is the real part of the potential for an /=0 alpha particle. The
shaded area is discussed in the text.
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