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The theory of transmutation functions for charged
particles is examined in the light of recent developments in
nuclear theory. It is found that ignoring all factors besides
the penetrability of the incident particle is justifiable only
for processes without effective competition. For these, the
usual applications of the Gamow-Condon-Gurney theory
must be modified to include the influence of incident
particles with nonvanishing orbital momentum which
causes a continued rise of the yield for energies greater
than the Coulomb barrier. For processes subject to effec-
tive competition, the comparative density of residual states

available to each alternative process is important in
determining relative yields. The densities of the statesare
calculated on the basis of the liquid drop model for the
nucleus and a table is obtained giving the relative proba-
bilities of neutron and charged particle emissions. The
overwhelming factor in favor of neutron emission by heavy
nuclei seems to be confirmed by experiment. The shape
of an excitation curve expected for the less probable of two
processes is shown. Finally the effect of selection rules in
the yield curves of reactions involving very light nuclei is
considered. Special cases are discussed.

§1. INTRODUCTION

ERETOFORE, attempts to explain the
variation of the yield from charged particle
disintegrations as a function of the bombarding
energy were largely limited to applications of the
simple Gamow-Condon-Gurney (G-C-G) theory
to the penetration of nuclear potential barriers by
incoming particles. This was done with the hope
that other factors, lumped together under the
title “‘internal disintegration probability,” would
be comparatively unimportant in determining
the variation. The development of the Bohr-
Breit-Wigner theory of nuclear processes has
made it clearer what some of the other factors
are and encourages an attempt to evaluate their
effects. The quantitative results of such an
attempt must for the present remain very
uncertain. However, they will show to what
extent the neglect of influences other than that of
the simple penetrability are justified.

When the penetration probability of the
incoming particle is alone considered to vary
with the energy in the evaluation of the excitation
function for a given process, it is being assumed :
first, that the probability of the nucleus’ and
particle’s sticking together after the penetration
‘does not depend importantly upon the energy,
and secondly, that the formation of the com-
pound nucleus itself guarantees the completion of
the process. No improvement can be made on the
first assumption until a more workable model of
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the nucleus presents itself. The second assump-
tion is justified only if the completion of the
process in question involves a type of emission
which is much more probable than any other way
in which the compound nucleus may disintegrate.
Our evaluation of the excitation functions for
such cases, presented in §4, differs from the usual
procedure in one respect: The contributions of
incident particles having orbital momenta other
than zero are taken into account. When the
process being considered meets with effective
competition from other possible modes of disinte-
gration of the same compound nucleus, the
relative densities of the final states available to
each process have an important effect on the
excitation functions. This point is discussed in
§5, for heavy nuclei. In §6, we treat the effect of
selection rules, which have practical importance
for very light nuclei.

The consideration of other influences besides
the penetrability by particles making direct hits
has a particularly important bearing on the
deduction of nuclear radii from transmutation
functions. It has been the practice to assume that
the height of the Coulomb barrier of a nucleus is
equal to the energy at which the yield reaches a
maximum ; such a behavior is expected on the
basis of the “simple” (/=0) G-C-G theory. The
practice is not justified, since it is now clear that
the yield continues to rise rapidly beyond the
barrier height energy because of the increasing
contributions from particles having high orbital
momenta and in some cases also because of the
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EXCITATION FUNCTIONS

greater density of available final states at higher
excitations. (Fig. 3.)

§2. GENERAL FORMULATION

Most of the effects considered in this paper will
be discussed in terms of a formulation which
conveniently represents the Bohr picture and
which may be derived either by the simple
statistical method used in papers of Weisskopf*
and Bethe? or by averaging the Breit-Wigner
““dispersion’’ formula over the resonances in the
neighborhood 'of the energy of the compound
nucleus formed in the process. One obtains by the
latter method (see I, Eq. (405)) for the cross
section of a process in which a nucleus 4 is
bombarded by particles P'and from which there
results the emission of a particle Q and the forma-
tion of a residual nucleus B:

272K p?
(2e+1)(2s+1)

PpiiT7 Qv
X % <2J+1>(————) (1)

Jl]l’ !

(ePPigq)n=

27Ap is the de Broglie wave-length of P. I'Vp,; is
" a partial width of the compound nuclear level,
corresponding to the emission of particles P
having an energy denoted by p and orbital and
total angular momenta [ and j. I'gqy is a
corresponding quantity for particles of kmd Q.
T'; is the fofal width of the level, i.e.,

Py=2X Moe= 2 FJQ'q'l"i"- (2)

Q' q’ Q' gl

D is the average spacing of the levels of angular
momentum J in the neighborhood of the com-
pound level formed. 7, s, J, ¢ and s’ are the
respective spins of 4, P, C, B and Q in the states
concerned.

When (1) is summed over all possible emission
processes Qq, one obtains |

poi 272A2p < <2J+1)FJPP,ZI 3)
T Qi) (st 1) T D,

This must be the cross section for the formation

1 Weisskopf, Phys. Rev. 52, 295 (1937).
2 Bethe, Rev. Mod. Phys. 9, 69 (1937). This reference
will hereafter be denoted by “I"”.
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of the compound nucleus since it must disinte-
grate in some way. At very high energies of the
incident particle, classical concepts should hold,
and ¢P?’¢ must equal the geometrical cross
section, wR?, multiplied by the ‘‘sticking proba-
bility”” ¢p, of P to 4, i.e.,

cPrig=7nR2%p, for - Xp<KR. 4)

It will be useful to extend the definition of the
sticking probability to low energies. That will be
done by assuming :

(1) For a given [, the probability of each j and
J is given by the statistical weights, i.e.

(27+1)/(204+1)(2s+1)(21+1) - opp. (5)

(2) The cross section for each [, op,, is
proportional to the statistical factor, 2I41,
multiplied with the penetrability P; of the
barrier for particles of that orbital momentum,?
ie.,

oPPli; =

oFPrig=c3 (214+1)P,=cR*/Rp*=7wR%p, (6)
1

(see (4) and §3, (13c)). Then, comparing (3), (5)
and (6) we have

2J4+1)
oty = X2pfp, P,
(2i+1)(2s+1)
(2]+ 1) P‘Ipplf
= 772)‘21‘ ’
(2i4+1)(2s+1) Dy
from which
fpp=21TPJPplj/DJPl. (7)

This definition of the sticking probability from
“correspondence’’ will be regarded as valid for all
energies. It makes £ nearly independent of energy
since the penetrability factor is divided out from
I' and probably the ‘“‘width without barrier”
varies with the energy in about the same way as

3This is equivalent to assuming that the formation
probability is proportional to the influx of particles,
which is appropriate for a sticking probability near
unity. If proportionality to the density of the particle
wave function near the nucleus had been used instead
of just the penetrability, a factor analogous to the inverse
of the radial velocity in the classical picture, namely
[1—(+43)R2/R2—3Ze?/ERT?, would have entered. This
would make the probability of sticking proportional to the
““time of contact’” and would be inconsistent with a unit
sticking. probability. The presence or absence of such a
factor is of little consequence for the excitation functions.



132 E. J. KONOPINSKI

0.5

o0 0.5

Fic. 1. (C—

1.0

AND H. A. BETHE

m
A
Eﬁi.

fﬁ
B
-

!Eﬁf"ﬂjiﬂﬂﬁ
e

=:=

1.5 2.0 RS 3.0

Co)/g as a function of y for seven values of x. The dashed curves are the same as the solid curves with

ordinates multiplied by five.

the spacing D. (I, §54D). It enables the reduction
of formula (1) to

) 7A pEppEqQq
(G'Pqui’)Av=""_“-——
(2+1)(25+1)
(2J+1)
D D D D ' Z Py, (8)
J nJ i
where ny=27Ts/D;. (8a)

The summation over J is to be taken over all values of J
available at the given excitation energy. The compound
nucleus is usually highly excited (10 MV or more) so that
except for very light nuclei the density of levels is great
enough for each value of J up to a certain limit to be
represented. It does no harm to include values of J up to
infinity because, as we shall see, the factor P; cuts down the
contributions of high values of J so much that only values
up to J=3 or 4 are important even for fairly heavy nuclei.

As it stands, (8) gives the cross section for a single
‘“‘group” of particles which leave the residual nucleus in a
definite excited state g with spin ¢’. To obtain the total
yield of Q, (8) must be summed over all possible residual
levels g, each properly weighted. For heavy enough nuclei
this is done by multiplying with the number of residual

states per energy interval,

(2¢'4+1)dWg/D; 9

integrating, and summing over ¢’. D;’ is the average spacing
of levels with a given spin ¢’ in the residual nucleus; it
is probably almost independent of 4’.

§3. THE PENETRABILITY FORMULAE

The penetration probability P; as calculated
by the W-K-B method is well known. It can be
written

Pi=e20, (10)

in which C,is a function given in I, Eq. (631). We
give (C;— Cy)/g as a function of x and y in Fig. 1.
For C,, see I, Eq. (600) and Fig. 18. g is the
“characteristic orbital momentum:”’
g=(2MzZe*R)* /1
=0.262(zZaAro/a+A)tAYS, (10a)

in which M is the reduced mass of the particle, a
and A are the mass numbers of particle and
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nucleus, respectively, and i
(10b)
(10c)

ro=RA~%-10+13,
x=Ep/B=E/B’,

in which Ep and E are relative and absolute
kinetic energies of the particle, while

B=2Z¢*/R=1.4327/r,At MV, ©(10d)
B'=3Z¢(a+A4)/RA

=1.43s2Z(a+A)/reAY* MV, (10e)
y=10+1)/g% (10f)

With 7y=1.65, which corresponds to a radius of
10712 cm for the a-radioactive nuclei, the values
of g and B’ are given in Table I.

Certain approximations for (C;— Cy)/g will be
useful.

(Ci—Co)/g~y(1—3x) (11a)
C/g=2(y—x+1)}/3(2x—1) (11b)

For y<(x—1), C;=0; for x2 1, Co/g=0, Py=1.
For many problems (cf. Eq. (6), (15), (16)) the
quantity

for x <1.
for x >1.

=2 (214-1)(P:/Py)

11

(12a)

is needed. It is shown as a function of x in Fig. 2,
for two cases. For sufficiently heavy nuclei a
great number of I's will contribute so that the
sum may be replaced by the integral

a=g? f dyP(y)/P(0). (12b)

The integral may be extended to infinity except
when the available J's are very restricted (§6).
With the approximations (11),

l2=g/2—x for x <1, (13a)

TABLE 1. Effective heights B’ of Coulomb barriers in MV.
Characteristic orbital momenta, g(Z).

zZ 214]10/20)30]| 50 70| 92

A 4109 120) 40| 66 | 112|174 |238

NucLeus He|Be|Ne{Ca|[Zn|Sn|Yb| U
Protons 1.411913.4| 5.2 6.6] 9.1)11.0/12.9

B’ Deuterons 1.612.0|3.5| 5.4| 6.7 9.2|11.1)13.1
a-particles 3.6(4.9|7.7111.2]| 13.1{ 18.6| 22.4| 26.0

Protons 0.6/09(1.7| 2.8/ 3.7 5.3| 6.7 8.2

g Deuterons 0.711.3(2.3| 39| 5.2| 7.4[ 9.5|11.5
a-particles 1.2(2.2|4.5( 7.5(10.3] 14.7| 18.8] 22.9
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Fi1G. 2. The orbital momentum factor /,2/g? as a function
of x for two values of g. g~S5 for deuterons bombarding Ne
and g~25 for alphas on U. All curves are asymptotic to
l/g2=x for very large x.

lr=g%(x—1)+0.744g43(2x —1)2/3

for x>1. (13b)

For £>>1,

12=(R?/A*)(1—-B/E)~R*/x*=1%. (13c)

This can also be derived from classical mechanics,
(+3)X being identified with the collision
parameter. The quantity /, as given by (13) can
easily be shown to represent the ‘“‘critical orbital
momentum’’ as defined by

2(Ci—Co)=1. (14)

Values of I greater than I, yield only small
contributions, better justifying the extension of
the integration in (12) to infinity.

§4. ExciTATION FUNCTIONS FOR MosT
PROBABLE REACTIONS

The formula for the yield becomes most simple
when the reaction in question is so much the
most probable one that

Zq:I‘JquI‘J.

In that case, (8), summed over all residual states
g, becomes (cf. (13c))

oPrig=mwR*%p,(1.2/1s?) Po (15)

after the summations over angular momenta are
carried out with proper regard for their con-
servation. Eq. (15) is essentially the simple
G-C-G formula except for the factor 7,2 which
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F16. 3. Comparison of theoretical excitation functions
for a most probable process (emission of neutrons) and a
less. probable one (alphas). Also shown is the excitation
function calculated according to the usual G-C-G theory
(factor I:2 omitted). Both reactions have been observed?
but measurements of yield have not been yet carried to
high enough energies. Ordinates of all curves were made
equal at 5 MV.

represents the influence of higher orbital mo-
menta. This factor is practically a constant for
' E<B (see Fig. 2) and so the simple G-C-G
formula gives a correct energy dependence for
energies below the barrier. Also because of 7,2, the
yield will continue to rise quite rapidly even after
the particles are able to pass over the barrier,
contrary to frequent assumptions. An example of
this behavior is shown in Fig. 3. When the
energy becomes very great (E>>B), (15) goes
over into wR%¢p,, simply. The usual G-C-G
formula has for all energies the factor 1/E, which
(15) shows only for low energies. This point has
led in the past to some confusion because of the
apparent contradiction to the reasonable expec-
tation that the cross section should go over into
the geometrical cross section in the classical
limit.

The validity of (15) for all reactions without

KONOPINSKI AND H. A.

BETHE

effective competition accounts for some of the
success the G-C-G theory has had in fitting
transmutation data. Among the heavy elements
(4 >40), the reactions producing neutrons will
usually be the most probable ones (§5). Among
the somewhat lighter elements, the most proba-
ble reactions may be of almost any variety,
depending on which lead to the most stable
products. No excitation functions seem to be
known at present for any reactions involving this
class of elements (5 <Z <20), which can safely be
said to be much more probable than its alter-
natives. One reason is that, because such reac-
tions usually lead to the most stable products,
the observation of radioactivities is not often
available as a method of measuring their excita-
tion functions. Among the very light elements,
the assumption made in deriving (15), that all
J’s are available, does not hold and selection
rules become important (§6). '

At present, there are among the heavy element
reactions two sets of data! to which (15) is
applicable and these seem to contradict each
other. Mann® finds that a simple G-C-G pene-
trability function (P,/E) fits the excitation curve
he measured for the Cu®-a-n reaction if he
assumes 7o=1.75 (see (10b)). On the other hand,
Thornton® is forced to assume 7o=1.15 to obtain
approximate agreement of his data on the
Ni%-d-n reaction with the simple G-C-G theory.
In view of the discrepancy between Mann’s and
Thornton’s data, it may be significant that there
seems to be a definite disagreement between
Thornton’s data and the G-C-G theory at the
lowest energies, where the penetrability is almost
independent of 7. The factor I,2 plays no great

‘part in the two cases discussed because the

measurements were limited to energies below the
barriers. Not only Mann’s Cu®-a-z curve but
also his Cu®-a-n data can be fitted within the
theoretical and experimental uncertainties by
ro=1.65 (see §3).

Further measurements among the heavy ele-
ments would have some importance. In order to

4 Recently there has been added a third, the measure-
ment of the Se-p-n reaction by the Rochester group (to be
published). Calculations for this case have been carried
out by Mrs. Weisskopf. She finds that 7,221.50 fits the data
best. We are indebted to Professor Weisskopf for communi-
cating these results to us.

5 Mann, Phys. Rev. 52, 405 (1937).

$ Thornton, Phys. Rev. 51, 893 (1937).
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test the theory, they should be done at the
lowest possible energies, first, because there the
variation of the penetrability is independent of
the choice of 7y, and second, because at low
energies the penetrability will be by far the most
rapidly varying factor in the cross section and the
variation of £p, can more safely be neglected in
comparison.

§5. THE INFLUENCE Or FINAL STATES

The cross section for a reaction which meets
with effective competition must involve the
relative probabilities of the wvarious types of
emission possible for the same compound nucleus.
To simplify the discussion, it will be assumed’
that there is just one most probable process
(e.g. for heavy nuclei, neutron emission). The
formula (8) can then be shown to reduce to the
cross section (15) for the most probable process,
multiplied with

2"+ 1) Eed 2Py /(28" + 1) g ol'? (16)
q a

Py’ =1 because the most probable process (the
emission Q'¢’) is certainly neutron emission ;

12~ R?/Rn* "(16a)

with Ay the neutron wave-length. (16) is es-
sentially the ratio of the “‘effective” densities of
residual states available for the two processes, Q
and @', assuming that at least the ratio of the
sticking probabilities is'a constant nearly unity.
The word “‘effective” is used here to denote the
reduction of the states available by the pene-
trability factor, Py/'.

A computation of the density of states in
residual nuclei must be based on some model
such as the liquid drop model discussed in I,
§53C. Although this may have no virtues over
other possible models, it still seems to give
correctly certain general features, namely the
exponential increase of the level density with
excitation energy and with mass number, and an
approximately correct average spacing of the
levels in heavy nuclei. For our purposes, there
would be no essential differences arising from the

7 Also assumed is that the nuclei involved are heavy
enough and the excitations high enough so that all values of
the spin of the final nucleus are available both when the
process in question takes place and when the most probable

emission occurs. This assumption is of little importance for
our results.
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use of other formulae for the density, such as the
one involving the exponential of the square root
of the excitation and empirical constants.!

Computations of the ratio (16), based on the
liquid drop model formulae of I, §53C, have been
carried out for various excitations of various
compound nuclei and the results are shown in
Table II. The second column gives the mass
numbers 4 of the compound nuclei, the third
their Coulomb barrier heights B in MV. The
computations were made for excitations of 10,
15, 20, 25 and 50 MV for the compound nucleus.
The first two rows give the deuteron bombard-
ment energy necessary for each of the various
excitations for mass numbers 50 and 200. A
similar interpretation may be applied to the
proton, alpha and neutron energies given in the
next six rows, or, instead, each energy value may
be regarded as the total energy available for the
emission of the corresponding particle. The
figures given are based on the semiempirical
mass-defect curve which leads to Table XXX VIII
of I. The remaining rows of Table II give the
ratios of the probabilities of neutton and proton
emission and of neutron and alpha-emission, as
represented by (16).% The ratio of the £'s was
taken as unity.

TABLE 1. Energies available for various particle emissions
starting from given excitations of the compound wnucleus.
Ratios of neutron emission probabilities to proton and alpha-
emission probabilities.

Exc. ENERGY oF COMPOUND
NucLeus (MV)
A | B(MV) 10 15 20 25 50
H2 energy | 50 5.3 — — 3.5 8.5 33.5
. 200 12 —_ 4 9 14 39
H! energy | 50 5.3 1 6 11 16 41
200 12 4 9 14 19 44
He! energy| S0 11 2.5 7.5 12.5 17.5 42.5
200 24 14 19 24 29 54
n! energy 50 — 0 5 10 15 40 -
200 —_ 3 8 13 18 43
50 3100 12 10 8 7
100 5105 96 70 44 24
n/p 150 3-105| 1400 615 400 110
200 1.5-107 | 16000 6200 2600 410
240 2.3-108|32000 {15000 | 12000 520
50 2-10° 700 84 65 30
100 3-107| 4800 430 480 100
n/a 150 3-108| 7-107 {1.3-10¢| 1800 250
200 2-108| 7105 9 -105 | 18000 1800
240 2-108| 5-106 1.2-106|1.8-105| 23000

8 The summing over states was done wherever possible
by the methods suggested by (9) and by I, (3465). A few
checks by numerical integration showed that these approxi-
mations are fair. When the available energies are lower
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Table II must not be regarded as giving results
with greater accuracy than by a factor of ten or
so and then only when applied to elements at the
bottom of the ‘““Gamow valley,” that is, those
having the most stable mass number. In general,
less energy is available for radioactive products
than indicated in the table and so the probability
of forming the radioactive nucleus is reduced
accordingly. Contributing to the uncertainties
are: the model employed, itself; possible devia-
tions from the smooth mass defect curve which
was assumed ; the neglect of correlations such as
are caused by selection rules.

The first point to be learned from Table II
is that the emission of charged particles by
nuclei having mass numbers greater than about
100 is practically forbidden. This comes about
because neutrons, not having barriers to pene-
trate, may be emitted with lower kinetic energies
than charged particles; then, not only is the
region of easily available final states for the
residual nucleus greatly widened, but more
important, the region of high excitations of the
residual nucleus, which is the most densely
populated with levels, is easily available solely
to the neutron process. On the whole, the
experimental data® tend to confirm these con-
siderations. Limiting the discussion to nuclei
with 4 >60, we find:

(a) Three, not unquestionable, d-a reactions are sug-
gested, with Cu, Zn and Sb, as against a half-dozen d-n
reactions (Ni, Se, Pdi4. 105 Spuo Sp(®). The numerous
" d-p reactions found must be construed as an argument
for the existence of the Oppenheimer-Phillips process of
disintegration.1?

(b) About five n-¢ (Zn, Ga, Ba, Th, U) and three n-p
reactions (Cu®, Zn® 66) have been postulated. The Ba-
n-a, Th-n-a and U-#-a processes may plausibly be ascribed
to short lived alpha-radioactivities following inelastic
scattering of the neutron. The others all have 4 <70 so
they may still be allowed.

(c) There are no p-a or a-p reactions known for 4 >60,
although neutron emission processes have been observed
for Ni (2 reactions), Zn(2), As (2), Se(3), Mo(2), Cd(4)
and In when bombarded by protons, and for Ni, Cu®. &
and As when bombarded by alpha-particles.

than the Coulomb barriers, the most important contri-
butions are made by a few levels for which the penetrability
is most favorable, In these cases integration is too crude
and so the sums over states were evaluated by adding
together the penetrabilities for a few reasonably spaced
levels. Often this gave about the same results as the crude
integration.

9 Cf. Livingston and Bethe, Rev. Mod. Phys. 9,245 (1937).

10 Bethe, Phys. Rev. 53, 39 (1938).
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Also shown by the table is the effect of
competition on excitation functions. As the
energy is increased, the probability of charged
particle emission becomes more and more nearly
comparable to neutron emission. At extremely
high energies, all the processes tend to become
equally probable. These effects will be reflected in
the excitation functions of the less probable
processes by a more rapid rise with energy than
for the most probable processes. At the lowest
excitations, this added rate of increase will be
extremely great. Observations so far have been
limited to higher excitations of the compound
nucleus (15 MV or more), where the addition to
the rate of increase is not quite so pronounced.
An example is given in Fig. 3.

The methods of this section are too crude to be
applied to elements of mass number smaller than
about 50. Tentative calculations showed that the
weights (e.g. statistical weights due to spin)
given to the individual residual states are quite
influential and not easily decided. Only qualita-
tive considerations about the lighter elements
seem to be feasible. The most interesting of these
deal with the striking decrease which may occur
in the probability of a reaction when the bom-
barding energy is raised beyond a value which
makes a competing reaction energetically possible.
Haxel'? reports such an interference of the N-a-p
reaction with the yield from N-a-#, and Newson!3
found similar effects in the excitation functions
for the reactions C-d-n, N-d-n and O-d-n. Newson
points out that the surmounting of the thresholds
of the C-d-a and N-d-a reactions are probably re-
sponsible for the decrease observed in his first
two cases. There is no threshold for a new
reaction which could interfere with the O-d-n
reaction in the way observed. The low stability
of the radioactive F'7 against emission of protons
probably is responsible for the lower probability
of detecting it when it is formed with high
energies.

§6. THE EFFECT OF SELECTION RULES

Finally, we shall consider the effect of the
selection rules on excitation functions. As one
might have expected, this effect has its greatest

u Bohr and Kalckar, Kgl. Danske Selskab. 14, 10 (1937).

12 Haxel, Zeits. f. Physik 93, 400 (1935).
13 Newson, Phys. Rev. 51. 620 (1937).
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importance for reactions involving very light
nuclei. For these, the formulation of the pre-
ceding paragraphs is not strictly valid since it was
based on the participation in the process of a
great many compound levels at every energy in
the relevent range. In its place, the so-called
“one-level” formula (I, (646))

. 2T+t T p,T gq
T (2i4+1)2s+1) (E—Ep)*+ 117,

is sometimes useful, but it is applicable only in
energy ranges for which just one level of the
compound nucleus is effective. One may proceed
with a detailed analysis of special cases which
may decide to which (17) may be applied.

Another difficulty encountered when dealing
with light elements is in the calculation of the
penetrability itself. The W-K-B method should
be expected to fail for the low and thin barriers
possessed by the very light nuclei. One might
instead make use of the exact wave functions for
a Coulomb field calculated by Yost, Wheeler and
Breit,'* but now there arises the question of what
boundary conditions to impose (see I, §544). We
have adopted the procedure of Kapur and
Peierls,'® according to which the width of a level
depends on the particle energy as

I pp; ~E¥/Gi?,

)

c=T7N

(18)

where G; is the irregular wave function for a
Coulomb field as given in Yost, Wheeler and
Breit’s paper. For low energies and I=0, (18)
reduces in its energy dependence to

TV ppi; ~exp.(—2wzZe®/hv), (’1 8a)

with v the velocity of the particle. This is exactly
what the W-K-B method gives for low energies
(I, (589b)). The procedure we adopt here is quite
consistent with our treatment of the penetrability
for heavy nuclei (cf. footnote 3).

As a first illustration of how selection rules
affect excitation functions, one may take the
case of

Li"4H'—>2 He4 (19)

The protons responsible for this process must
have odd angular momenta since the parity of
Li" is odd and the alphas obey Bose statistics.

1 Yost, Wheeler and Breit, Terr. Mag., Dec. (1935).

Also Phys. Rev. 49, 174 (1936).
15 Kapur and Peierls, Proc. Roy. Soc. A166, 277 (1938).
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Fi1c. 4. The circles represent the data of Rumbaugh,
Roberts and Hafstad,!® the short dashed curve that of
Herb, Parkinson and Kerst.!® The solid curve is the
theoretical excitation function for /=1 and 7,=1.65, the
dot-dash curve for =0 and 7,=0. Curves fitted at 0.4 MV.

The comparison of the theoretical with the
experimental excitation functions'® in Fig. 4
shows that indeed the I=1 protons account for
the observed variation of the yield much better
than I/=0. A nuclear radius corresponding to
7o=1.65 was used for the /=1 curve while a zero
radius was taken for the /=0 case in order to
make its comparison as favorable as possible.
The form (18) for T' was employed in computing
the /=1 function."”

Unfortunately, further illustrations of the
importance of selection rules are obscured by
other considerations. For example, consider the
reactions

Li*4-H?>—2 He* (20a)

Li*4+H?*->Li"+H. (20b)

16 The experimental data for low energies were taken
from Herb, Parkinson and Kerst, Phys. Rev. 48, 118
(1935). The measurements up to 1 MV are those of
Rumbaugh, Roberts, and Hafstad (to be published). We
are indebted to the authors and to the Drs. Fleming and
Tuve of the Carnegie Institute at Washington for the
communication of these results to us.

171t was not necessary to assume the existence of a
resonance in these calculations in contrast to those of
Ostrofsky, Breit and Johnson (Phys. Rev. 49, 22 (1936))
who employed a one-body model.

and
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Fi1G. 5. Circles represent experimental points for the
Lif-d-a reaction, dots for Li%-d-p, according to Williams,
Shepherd and Haxby. The dotted curve is the theoretical
excitation function for /=0 and no resonance. The solid
curve includes a resonance at 40 kv, 50 kv wide. The
dashed curve is the sum of the other two made equal at
~160 kv. All curves fitted at 240 kv.

Since the parity of every nucleus involved in
(19a) as well as that of the relative motion of the
alphas is even, the orbital momentum of the
deuteron about Li% can only be even. Thus the
selection rules require that the yield of protons
increases more rapidly with bombarding energy
than the alpha-yield, due to the contribution to
(20b) of the I=1 deuterons which are barred for
(20a). Actually, Williams, Sheplierd and Haxby?!8
do find a steeper curve for the excitation of (20).
However, the relative steepness is much too
great to be accounted for by the /=1 deuterons.
With no resonance, the theoretical excitation
function (cf. (17)) is given by (18) multiplied
with X2 For the low energies used, (18a) was
found to represent the energy dependence of (18)
rather well, i.e., the results depend only slightly

( 18 }77\)/illiams, Shepherd and Haxby, Phys. Rev. 52, 390
1937).

KONOPINSKI AND H. A.

BETHE

on the choice of the radius. Comparison in Fig. 5
shows that the theoretical curves, even with /=0,
are too steep for both the alpha and proton yields.
Even a radius as large as 10~!2 cm fails to bring
about sufficient improvement. A discrepancy in "
this direction perhaps may indicate that a
resonance must be postulated. It was found that
a resonance level for the Li%-d-a reaction at
about 40 kv deuteron energy and about 50 kv
wide (depending on the position) could remove
the discrepancy. It is satisfactory that this
resonance is wide compared to the 10 kv or so
found for the proton capture resonance widths.?
Of the three spins, J=0, 1 and 2, possible for the

“compound nucleus with the slow deuterons

(!=0), the Li%-d-a resonance certainly ‘has J=0
or 2 only. Since the Li%-d-p reaction may also
bave J=1, only part of it will follow the same
excitation function for =0 as Li%-d-a. We find
that by equating the contributions of the cross
section without resonance and that with the
resonance at 160 kv agreement with the data is
obtained. (Fig. 5.)
The excitation function!? for

Bi14+H!—3 Het (20)

shows a behavior of the same kind. In this case
the postulated resonance level has actually been
observed ; it lies at 180 kv proton energy and is 11
kv wide. The resonance is most clear for the long
range alpha-particles whose emission leads to the
ground state of Bed. From the angular distribu-
tion of these alphas it seems plausible? that the
resonance probably has J=2 and is therefore
produced by protons of J=1. The observed yield
curve for (20) is then probably a superposition of
an =1 curve showing resonance and a non-
resonance function for /=0.

The experimental excitation functions for the
Be-d-a, Be-d-H?, Be-d-p and Be-p-a reactions®
again seem to show too slow a rise compared to
the theoretical curve without resonance, but in
these cases the differences are too small to be
very certain.

( 19 %ﬁlliams, Wells, Tate and Hill, Phys. Rev. 51, 439
1937).

20 Oppenheimer and Serber, Phys. Rev. 53, 636 (1938).
( 2 ;Nilliams, Haxby and Shepherd, Phys. Rev. 52, 1031
1937). .



