Zeitschrift: Helvetica Physica Acta

Band: 23 (1950)

Heft: I-11

Artikel: Compound nucleus and nuclear resonances
Autor: Weisskopf, Victor F.

DOl: https://doi.org/10.5169/seals-112104

Nutzungsbedingungen

Die ETH-Bibliothek ist die Anbieterin der digitalisierten Zeitschriften auf E-Periodica. Sie besitzt keine
Urheberrechte an den Zeitschriften und ist nicht verantwortlich fur deren Inhalte. Die Rechte liegen in
der Regel bei den Herausgebern beziehungsweise den externen Rechteinhabern. Das Veroffentlichen
von Bildern in Print- und Online-Publikationen sowie auf Social Media-Kanalen oder Webseiten ist nur
mit vorheriger Genehmigung der Rechteinhaber erlaubt. Mehr erfahren

Conditions d'utilisation

L'ETH Library est le fournisseur des revues numérisées. Elle ne détient aucun droit d'auteur sur les
revues et n'est pas responsable de leur contenu. En regle générale, les droits sont détenus par les
éditeurs ou les détenteurs de droits externes. La reproduction d'images dans des publications
imprimées ou en ligne ainsi que sur des canaux de médias sociaux ou des sites web n'est autorisée
gu'avec l'accord préalable des détenteurs des droits. En savoir plus

Terms of use

The ETH Library is the provider of the digitised journals. It does not own any copyrights to the journals
and is not responsible for their content. The rights usually lie with the publishers or the external rights
holders. Publishing images in print and online publications, as well as on social media channels or
websites, is only permitted with the prior consent of the rights holders. Find out more

Download PDF: 15.07.2025

ETH-Bibliothek Zurich, E-Periodica, https://www.e-periodica.ch


https://doi.org/10.5169/seals-112104
https://www.e-periodica.ch/digbib/terms?lang=de
https://www.e-periodica.ch/digbib/terms?lang=fr
https://www.e-periodica.ch/digbib/terms?lang=en

Compound nucleus and nuclear resonances
by Vietor F. Weisskopf.
Massachusetts Institute of Technology (Cambridge, Mass.).

(7. X.1949.)

One of the most striking phenomena in nuclear physics is the
occurence of resonances in nuclear reactions. If an atomic nucleus X
1s bombarded with particles a, it is sometimes observed that the
ensuing nuclear reaction takes place with appreciable probability
only if the energy of the particle is in the neighborhood of certain
definite energy values. These energy values are referred to as re-
sonance energies and the extension of the region of appreciable
cross-sections around the resonance is called the “width” of the
resonance. Resonances are usually found only at relatively low
energies of the bombarding particle. The widths of the resonances
increase in general with increasing energies. At higher energies the
widths may reach the order of the distances between resonances
and then no resonances can be observed. The sharpest and strongest
resonances are found with heavy nuclei in slow neutron reactions
of the (n — y)-type (neutron capture reactions) but the phenomenon
of resonance 1s by no means restricted to neutrons.

It is attempted in this note to give a simple qualitative explana-
tion of the occurrence of resonances and of their widths.

We describe the nuclear reaction as proceeding in two successive
steps along the lines of Bonr’s theory of the compound nucleus.
First the formation of a compound nucleus by the bombarding par-
ticle and the target nucleus, and second, the decay of the compound
nucleus into the final nucleus and the secondary particle. The occu-
rence of resonances can be interpreted in the following way: The
compound nucleus can exist only in quantum states s of definite
energy .. Let ¢ be the energy of the bombarding particle and B
the binding energy of this particle to the target nucleus. The exci-
tation energy of the compound nucleus is then equal to

E-c¢+B (1)
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Thus a compound nucleus can be formed only if ¢ = ¢, where ¢, +
B = K. The states of the compound nucleus have a finite lifetime
T, since they decay during the second part of the nuclear reaction.
According to the HEIsENBERG uncertainly relation the energy K,
1s not sharply defined. The level is therefore broad and its width I,
1s connected with the lifetime by

I'. = hjz, (2)

The existence of quantum states in the compound nucleus requires
an explanation. One might expect that the spectrum of the com-
pound nucleus is conftnuous if the excitation energy F is higher than
B. Then the system 1s excited sufficiently to emit a particle (namely
the bombarding particle) and its spectrum should correspond to the
spectrum of an atom above the ionization energy, which 1s conti-
nuous. The excitation energy of the compound nucleus created by
the bombarding particle 1s always higher than B (see equation (1))
so that we should expect a continuous spectrum and no resonances.

In what follows we will try to explain the main features of reso-
nance reactions by taking into account only the most important
general properties of nuclei.

We make use of the following assumptions regarding the struc-
ture of the nucleus:

1. The nucleus has a well defined surface, which is a sphere of
radius E. The nuclear forces do not act between the particle a and
the nucleus if the distance between a and the center of the nucleus
18 larger than E.

2. If the particle a penetrates the nuclear surface it moves with
an average kinetic energy ¢;, which 1s much higher than its energy
e outside. In fact, ¢, =~ ¢ + 20 MeV. Here 20 MeV 1s the order of
magnitude of the kinetic energy of internuclear motion.

3. The particle a is subject to very strong interactions inside the
nucleus so that 1t interchanges its energy rapidly with the other
nucleus. Its motion within the nucleus will be very complicated.

The assumptions 1. and 2. have the following consequence: If a
particle enters or leaves the nucleus, it must penetrate a surface at
which its wave number changes suddenly from a low value k out-
side to a high value K inside, or vice versa. Such sudden change of
wave number 1s connected with a reflexion, so that this surface is
only partially penetrable for the particle. The penetrability P can
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be easily calculated for an uncharged particle. (The passage of char-
ged particles is hindered by the Coulomb barrier which increases the
reflexion effect). Elementary wave mechanics shows that the ratio
P of the penetrating particles to the incident ones from a region
in which the wave number is k to a region in which it 1s K (or vice
versa) 1s given by

4 kK

P= gy ®)

Thus the nuclear surface offers an obstacle to any particle (even un-
charged ones) in form of a reflexion which is almost total if & < K.

We now turn to the description of the stationary states of a
nuclear system of 4 nucleons. It may be a stable nucleus or a com-
pound nucleus created in some nuclear reaction. It 1s expected that
this system exhibits a spectrum of discrete quantum levels, at least
for excitation energies less than the energy B. Because of the large
number of constituents and the complicated interaction we expect
many levels, much more than one would get in a one-body problem
of the same dimensions and with a potential energy of the order of
the average potential in the nucleus.

It 1s perhaps of some nterest to discuss here the physical signi-
ficance of the level distance D and its connection with some proper-
ties of the motion of the nuclear constituents within the nucleus.
This motion cannot, in general, be described by a classical picture
of moving particles. However, according to the correspondence prin-
ciple, the highly excited states lend themselves more readily to a
classical description. Actually one can build linear combinations of
wave functions of a number of neighboring stationary states such
that they correspond to a relatively well defined grouping of par-
ticles in space with given velocities, within the limits of accuracy
set by the uncertainly principle. The movement of these particles
(or better, of the maxima in the square of the wave function) cor-
responds to a good approximation to the movement calculated by
classical mechanics. We are here interested in only one feature, the
period T of the motion. T is the time after which the initial grouping

of particles re-occurs. We find that the time 7' is intimately connec-
ted with the level distance D of the states used in the linear combi-
nation. Let us assume for a moment that the energies K, of these
states (say their number is N) are equally spaced: K, — Ky + n4,
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we then can write for the linear combination of the N states, whose
space dependence 1s given by ¢,,:

N N
p= 2% @ eXp (— 100, t/h) = exp (—1 Ly t/h) Y a, @, exp (—in At/h).
n=1

It is evident that | |1p (H— “ﬂh) = | w(f) |, so that the wave func-

2nh
. Thus

tion p describes the same configuration at ¢ and at ¢+ =

the period of the motion 1s

mo 2£}1
L= D

where D 1s the level distance. This conclusion holds only 1if the
levels are equally spaced, which 1s approximately the case in simple
systems at high excitations.

In complicated systems, as atomic nuclei, these considerations
lose some of their accuracy but they still remain qualitatively valid.
We no longer find approximately eqmdmtant level spacing but we
can consider the average level spacing [) as an indication of the
period of the internuclear motion. The resulting values for the
period are large, much larger for example than the ones of a one-
body problem in a potential well of nuclear size. This 1s due to the
interaction between nucleons which makes the motion much more
ivolved so that the time interval between the re-occurrences of the
same configuration becomes large.

We now consider the excitation energies of the nuclear system
which are higher than the binding energy B of one of the consti-
tuents. At these excitations the nucleus is able to emit a particle,
and the motion is no longer periodic. The emission probability is
strongly reduced, however, because of the reflexion which the par-
ticle suffers when trying to get out through the nuclear surface.
Especially at excitation energies only a little above B the reflection
will be almost complete, since the wave number k outside is very
small. As a consequence of this characteristic reflection the motion
above B 1s not essentially different from the one below B. The re-
flexions lead to a nearly periodic motion which in turn gives rise
to an energy quantization and to the existence of discrete, almost
stationary states. Thus, the series of discrete energy values continues
even above B, although the states whose energy 1s higher than B
are not strictly stationary, because of the possibility of splitting into
two parts, the particle a and the residual nucleus.
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This description lends itself readily to a quantitative estimate of
the level width. Liet us consider a level s above the binding energy B
from which an emission of a particle a is possible. The energy should
be insufficient, however, to emit any other particle. We also neglect,
for the moment, any radiative transitions to lower levels with the
emission of a light quantum h». We call the level width I',, since it
1s due to the emission of @. It can be determined by the following
consideration: We have discussed the relation between the level
distance D and the period T of the motion. Let us apply the concept
of period to the re-occurrence of a very special configuration. We
know that the level s can be created by a particle a entering into
the residual nucleus. We single out the configuration, which is
realized when the particle a has just entered into the nucleus, and
we ask, after what time the particle would reappear again at the
nuclear surface with the same momentum with which 1t has ente-
red, ready to leave in the same way by which it came in. Such a
question can be answered only in a very approximate way: the
time 1" will be of the order of the period of motion and we expect
again the relation T ~ 2 = i/D to hold.

The reoccurrence of this configuration does not necessarily mean
that the particle a will actually leave the compound nucleus. The
nuclear surface 1s equivalent to a strong and sudden change of po-
tential and the particle may be reflected at this surface and start the
motion inwards into the nucleus over again. This repetition of the
motion is essential for the existence of well defined compound states.
If the particle a would have left the nucleus after the time 2 & //D,
the lifetime 7 of the state would have been of the order of 7', and
the width I', = h/t, would be of the order D. The states of the
compound nucleus are well defined only if I', < D. Thus the life-
time v must be large compared to T'; a well defined state does not
decay after the particle a has returned once to the surface. Evidently
the lifetime 7 is given by v ~ T/P,, where P, is the penetrability of
the surface for the particle a. Thus the width I', becomes

P B (5)

We may express this relation with the following words: The par-

. D . .
ticle reaches the nuclear surface 4_-- times per second and tries to

escape. P, is the chance of a successful escape, hence the emission
probability per unit time is the product of these two magnitudes.
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If the palmcle a is a neutron of zero angular moment, we may use
expression (3) for P, and get for k < K:

i)
K

bo

Iy~ -

WS

(6)

This 1s a simple derivation of the well known relation between
particle width and level distance?). A recent compilation by Wic-
NER?) of measured particle widths has confirmed this rule. WicNER
finds that the neutron widths can be represented by an expression
I'y = CkD, where C is a constant which varies very little from
nucleus to nucleus. Although the actual values of ', vary between
100 KeV and 10-4 ¢V, more than 90 percent of the constants C' do
not differ more than a factor 5. A reasonable average for C 1s C =
0.45 x 10-1% em, which, according to (6), gives rise to a value K =
1.0 x 10+1% em~1. This is the wave number which corresponds to
an energy of 20 MeV, in good agreement with our present ideas
about the average kinetic energies within nuclei. The measured
proton widths give rise to a similar constant after reducing them
to equivalent neutron widths by correcting for the effect of the
Coulomb barrier.

Formula (5) shows that the particle width cannot be larger than
D/2 z, since P, never can be larger than unity. This limit can be
understood in the picture which we have used here: The lifetime
of a level must be at least equal to the period if its decay can
take place only by the re-emission of the entering particle.

If the incident particle has a low energy, the widths of the reso-
nances are very small. This characteristic property of the compound
nucleus 1s due to two factors:

a) The strong interaction between the nucleons, and

b) The small penetrability (even for neutrons) of the nuclear sur-
face. The first factor causes a long period of the nuclear motion,
which 1s found in form of small values of D. This alone, however,
does not suffice to explain the occurrence of sharp resonances. Only
because of factor b) the lifetime of a compound state is much longer
than the period which makes the width smaller than the level dis-
tance, and hence establishes the possibility of resonances.

1) H.A. BETHE, Phys. Rev. 47, 747 (1935); Rev. Mod. Phys. 9, 71 (1937); N. Bour
and J. A. WHEELER, Phys. Rev. 56, 426 (1939); H. FesapacH, D. C. PEASLEE and
V. F. Werssgorr, Phys. Rev. 71, 145 (1947).

%) E. WIGNER, Am. J. of Phys., 17, 99 (1949).
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In this discussion we have neglected the radiative transitions to
lower states and we have considered the emission of a particle as
the only way in which the compound nucleus can decay. Actually
the total width I, of a state consists of the sum of the particle
width I'; and the “radiation width” I';,. Hence even the quan-
tum states with an excitation energy below B are not strictly sta-
tionary and have a width equal to the radiation width. The width
of levels whose energy is barely above B is mostly due to radiative
transitions.

It 1s necessary to specify the type of levels whose average distance
D can be interpreted as the reciprocal of the period of motion. The
correspondence principle as used in the interpretation of D is apph-
cable only to a series of states which fulfill the following condition:
all physical magnitudes which are integrals of motion must have
the same value, with the exception of the energy itself. Thus the
distance D must be taken between levels of equal J (quantum
number of the total angular momentum of the nucleus). It 1s gene-
rally assumed that there are no other integrals in the motion of
nucleons within the nucleus because of the strong interaction. If the
character of nuclear forces admits more integrals the meaning of D
must be altered. We indicate a few examples.

If there 1s no coupling between spin and orbital motion m a nu-
cleus, D 1s the distance between levels of equal L and S. 1f one
were allowed to consider a nucleus as a system of independent nu-
cleons moving in a common potential, the energy of each nucleon
would be an integral, so that D would be the distance between the
states of one single nucleon only.

In any case, D is just the distance between those states which
can be formed by an incoming particle with a definite angular mo-
mentum and spin. If there were no interaction between particles,
only the states could be formed in which the incoming particle itself
1s excited. If there is no spin orbit coupling, only states which have
the quantum numbers L and S can be formed, where L and S are
those orbital or spin momenta resp., which occur from the combina-
tion of the orbital and spin momentum vectors of the particle and
the target nucleus.

It is of interest to consider a magnitude which is appropriately
called the “path length” S of a nucleon in a given state. We know
the time 7 = 2 & h/D which the incident nucleon takes to return to
the nuclear surface ready to leave (which means that the rest of the
nucleons find themselves in a state corresponding to the original
target nucleus). We also know the average velocity v = h K /m of the

13
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nucleon within the nucleus. The path length 1s given by S = T =
2 m 1,2 K/Dm. This length is quite considerable. If we insert a level
distance of 25 eV as found in the capture of slow neutrons by heavy
nuclei, we obtain S ~ 10-¢ e¢m which 1s about 10¢ larger than
nuclear dimensions. This fact 1s an illustration of how complicated
is the nuclear motion and how many times the neutron is deflected
back and forth before it reaches the surface and before the other
nucleons are correctly arranged to form the residual nucleus. It is
perhaps significant that this path lenght is much shorter for low
lying nuclear states. If D is put equal to 1 MeV, as it is found near
the ground states, we obtain S a~ 2 x 10-11, a value which is only
ten times larger than the nuclear diameter. The motion in the low
lying states 1s very much simpler and much nearer to the motion
of an independent particle in a potential well. It is probably due to
the fact that the Pauli p1incipie prevents the scattering of one nu-
cleon by another i1f the energy is not sufficient to hft one particle
into an unoccupied state.

Our considerations may have some significance in connection with
the recently discovered regularities which are usually referred to
as “‘magic numbers’’?). These effects point to a pronounced shell
structure in the ground states of nuclei which 1z understandable if
one considers the independent nucleon model as a good first approx-
imation. In contrast to this, the experience with nuclear reactions
points to a very strong interaction between nucleons. In view of the
above considerations it appears that the lowest states of the nuclel
are perhaps much better approximated by an independent particle
model whereas the highly excited states of the compound nucleus
which are created in a nuclear reaction should exhibit a very diffe-
rent behavior.

The analogy with an electron gas in metals 1s perhaps not too far
fetched. Here we are able to explain a great number of phenomena
by assuming independently moving electrons, especially the exis-
tence of shells (Brillouin zones). In spite of this, the interaction bet-
ween the electrons 1s very strong: the cross-section for the Ruther-
ford scattering by 90° of two electrons is so large that the corres-
ponding mean free path would be less than the distance between two
atoms. This scattering is of no consequence in the lowest states of
the electron gas, since the two electrons can only exchange their
momenta. All other states into which they could be scattered are
occupied. The situation changes completely when an electron enters
the metal from the outside. It then has an energy well above the

8) See f. c. Mar1A G. MAYER, Phys. Rev. 74, 235 (1948).
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upper limit of the Fermi distribution, and is slowed down within a
few atomic distances by Rutherford scattering on other electrons.
Here the independent particle model breaks down and the behavior
of the electron is determined by the strong interaction. Hence it is
perhaps not too surprising to find that some properties of the lowest
states of nucle1 can be explained by the independent particle model,
whereas the effects of a neutron entering a nucleus are typlcal for
strong interaction.

We now suppose that the energy of the state s is high enough
that the state s can decay in more than one way. Ifor example, it
can emit another particle b, or it can emit the particle @ in more
than one way, namely with different energies by leaving the residual
nucleus in different excited states. Then the total width I'® of the
level can be divided into partial widths 001resp0nd1ng to the diffe-
rent modes of decay:

o= 3o r, Y
; |

Here the index o refers to some specific mode of decay and I'%
corresponds to the decay by radiative transition to a lower level.
I may be defined as the reciprocal lifetime (multiplied with &) of
the level s if all other modes of decay, except «, are closed by some
artifice. We then expect the partial width /' to be given again by
1" = P,-D/2 n where P, is the penetrability of the nuclear surface
in the decay o.

So far our picture has enabled us to understand the existence of
quasi stationary states in the compound nucleus and the relation
(5) between the particle width and the level distance. A closer ana-
lysis of our picture will be helpful for the understanding of the vali-
dity of Bohr’s assumption regarding the compound nucleus, espe-
cially the assumption that the decay of the compound nucleus is
independent of the mode of its formation. Let us consider a nuclear
reaction in which the compound nucleus is formed in one of its re-
sonance levels of well defined energy. The fact that the width of the
level is small compared to the level distance is equivalent in our
description to the fact that the lifetime of this level is long com-
pared to the period of the motion. The same motion is repeated many
times before the compound state decays. Hence, the mode of decay
cannot depend on the way the state has been created.

The situation changes, however, if the energy of the incident
particle is raised. The width of the compound state increases. Not
only every single particle width I, increases with higher particle
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energy since the penetration P, becomes larger. Also more modes
of decay are possible which increases the number of terms in ex-
pression (7). There will be an excitation energy of the compound
nucleus above which the width of the levels is larger than the ave-
rage distance D. No resonance can be expected in that region. The
situation I" > D can be described in our picture as follows: There
are many channels through which the compound nucleus can decay.
The sum of all these probabilities is so large that its lifetime 1s
shorter than the period. Thus, if 1" > D, the motion of the com-
pound nucleus 1s far from periodic; 1t has no chance even to com-
plete one single cycle of its motion.

The validity of the Bohr assumption in this case appears ques-
tionable: Since the compound nucleus cannot complete the cycle
of its motion, it cannot assume all possible combinations compa-
tible with its energy. It may happen that the properties which the
compound nucleus assumes, depend on the way it was formed. Let
us illustrate the situation with an example. A compound state 1s
created by «-particle bombardment of the nucleus (4, Z), where 4
is 1ts mass number and Z its charge. We measure the yields of the
(. — p) and (e — m) reactions. We then create the same compound
nucleus in the same state of excitation by irradiation of the nucleus
(4 + 4, Z + 2) with p-rays, and we compare the ratio of the yields
of the (y — p) and (y — n) reactions with the ratio of the correspon-
ding a-reactions. If the excitation energy of the compound nucleus

.. . . o,
1 In the resonance region, we would expect the two ratios lp)

(o, 1)
%ﬁ; to be equal, since the lifetime of the compound state com-
prises so many periods of i1ts motion, that the effects of the mode
of creation are completely wiped out. It runs many times through
all arrangements compatible with the energy before it decays. If
the excitation energy is above the resonance region, the compound
nucleus has not time enough to go through all the motions which
1t could perform if it did not decay. Then, whether it reaches first
an arrangement in which the emission of a proton is more likely to
occur or an arrangement in which the neutron is favored, may de-

pend on the way it was formed.

and

The assumptions of validity of the Bohr hypothesis in the non-
resonance region is much less obvious than in the resonance region.
If it 1s borne out by the experiments in the non-resonance region,
we must conclude that even within the small part of the motion
which takes place during the lifetime of the compound state, all
modes of decay have had the same chance as they had if the com-
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pound nucleus would go through its complete motion. This corres-
ponds to an assumption of some kind of statistical disorder or lack
of correlation between the modes of decay in the motion; an assump-
tion which need not always be fulfilled. WArrLER and Hirzer?)
have recently investigated the ratio of (y — p) to (y — n) reactions
and have found values for this ratio which are much larger than one
would expect on the basis of the independent competition between
these two processes. In the light of the foregoing considerations such
anomalies could be considered quite generally as cases in which the
lifetime of the compound nucleus was too short to establish inde-
pendent competition. The special arrangement of nucleons created
by y-rays may lead more likely to proton emission than to neutron
emission. If there would be time enough for this arrangement to
develop further through mutual exchange of energy among the
constituents, a state would have been reached in which the ratio
of proton and neutron emission had the expected value. The life-
time was too short, however. It should be remarked that this does
not constitute an explanation of the anomalies found by Hirzer and
WAFFLER®); it 1s only an attempt to understand the possibility of
deviations from the Bohr picture of independent competition bet-
ween different modes of decay.

There 1s another kind of reaction in which one may expect devia-
tions from the Bohr picture: If a nucleus is above the resonance
region, one should expect a tendency of the compound nucleus to
re-emit the incident nucleon with a higher energy than the one
which is predicted by independent competition. The effects of in-
dependent competition are usually expressed in form of an evapor-
ation model from which it follows that the expected re-emission
energies are much lower than the incident energy. They are supposed
to be of the order of the nuclear temperature @. The lifetime of the
compound state may not be long enough to.allow the incident
neutron to exchange all its energy with the other nucleons before it
finds a channel to leave the compound nucleus with a higher energy
than the one with which it would be emitted from the equilibrium
state. Hence the evaporation model may be inadequate in some
cases to describe the re-emission of the incident nucleon. Especially
if the incident particle is a neutron which is not kept within the
nucleus by any Coulomb barrier, it may find its way out of the com-
pound system before ‘‘thermal” equilibrium is established. One

1) H. WAFFLER and O. Hirzer, H. P. A. XXI, 200 (1948).
%) Attempts of an explanation are found in L. J. ScHiFr, Phys. Rev. 73 1311
(1948), and E. D. Courant, Phys. Rev. 74, 1226 (1948).
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would imagine that this happens at energies at which the reflexion
effect of the surface 1s no longer very effective and at which the
neutron has many channels available to leave the compound system.
Eq. (3) shows that P becomes 1 for ¢ ~1 MeV, so that we may
expect the deviations to occur, for neutron energies larger than
perhaps 5 or 10 MeV. This phenomenon is less likely to happen with
protons of similar energy since their re-emission 1s hindered by the
Coulomb barrier.

The failure to attain a “thermal’” equilibrium leads to an abnor-
mally small (n-2 n) cross-section. The evaporation model predicts
that almost all re-emissions of the incident neutron take place with
low energy ¢’ (about nuclear temperature: ¢’ ~ @). Thus the residual
nucleus 1s highly excited and will emit a second neutron if the ineci-
dent energy e is high enough, namely ¢ > B + @. Here B 1s the
binding energy of one neutron and also the threshold energy of
the (n—2n) reaction. Thus according to the evaporation theory
the (n-2n) cross-section ought to be of the order of the target area
wR? of the nucleus for neutrons if ¢ > B+@. (At still higher ener-
gies the (n — 3n) process sets in and reduces the (n-2n) cross-sec-
tion). If, however, the neutron has no time to exchange its energy
completely with the nucleus, the energy of re-emission will be
higher and the excitation of the residual nucleus correspondingly
lower, and no second neutron can be emitted. Hence the (n — 2n)
cross-section would be less than = R? even if £ > B + 6. Some
recent observations tend to confirm this hypothesis$).

In all other reactions, as (p,n) (p, 2n), (x,n) (. 21) etc., one should
expect that the model of independent competition to give correct
results. The emitted neutrons should be of low energy and their
energy distribution should correspond approximately to a Maxwell
distribution as given by the evaporation model. It gives rise to a
characteristic behavior of the cross-section for the emission of two
neutrons: The cross-section should rise quickly above the threshold
of the 2n-reaction (within an energy interval of the order of the
temperature) at the expense of the cross-section for the emission
of a single neutron. This phenomenon has been observed by several
authors?).

The character of the nuclear reactions changes completely at very
high energies of the incident particles. This change takes place be-

%) Unpublished observations by OcLe, Pritrips and TAScHEK at the Los
Alamos Scientific Laboratories.

“) BrapnT and TENDHAM, Phys. Rev. 72, 1117 (1947); KELLY and SEGRE, Phys.
Rev. 72, 746 (1947). G. M. TEMMER, Phys, Rev. 76, 424 (1949).
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cause the cross:section for interaction between the nucleons be-
comes so small that the “mean free path” of a nucleon in nuclear
matter 1s of the order of a nuclear radius. In order to estimate this
mean free path we use the results of recent experiments which have
shown that the neutron-proton cross-section is approximately given
by ¢ ~ (8/E) x 1024 cm? for £ > 10 MeV where F is the relative
kinetic energy in MeV and about a third as much between equal
nucleons. This cross-section gives rise to a mean free path for a
nucleon in nuclear matter of I ~4 x 10-15 ¢ e¢m if & is its kinetic
energy in MeV, and this value becomes of the order of nuclear di-
mensions if ¢ > 50 MeV.

If the energy of the incident nucleon is above this limit, there is
a finite probability that it passes through the nucleus without any
energy loss. If it does exchange energy with the nucleus it mostly
interacts with one nucleon only to which it transters a large fraction
of its energy. The nucleon which was hit will have a good chance to
leave the compound system without further collision. The total effect
of the process is an ejection of a very fast nucleon and a residual
nucleus left in an excited state because of the violent perturbation.
The state of excitation gives rise to effects predicted by the usual
evaporation model of a “heated” nucleus; 1t will boil off one or
several nucleons with low speed. Processes of this type have been
observed recently in Berkeley after bombarding materials with
protons and e«-particles of several hundred million volts®).

We have mentioned in this paper several instances in which the
decay of the compound nucleus may not be independent of the mode
of its formation. The assumption of an independent decay is valid
only in the region in which sharp resonances occur. The sharpness
of the resonances is a guarantee that the motion in the compound
state 1s repeated many times before it decays so that the mode of
1ts excitation is irrelevant. Strictly speaking the assumption is not
justified in the non-resonance region, since the compound nucleus
decays long before having completed its cycle of motion. The decay
should therefore depend on where and how the cycle began. The
assumption may be approximately valid, however, because of the
very complicated nature of the motion within the compound nucleus
in which the incoming particle shares its energy with all nucleons
evenly after a time which is very short compared to the lifetime.
Such quick interchange of energy requires a very short “mean free

8) Theoretical description and references to experiments can be found in
R. SERBER, Phys. Rev. 72, 1114 (1947); M. GOLDBERGER, Phys. Rev. 74, 1269
(1948).
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path’ of a nucleon in nuclear matter, and we expect, therefore, the
assumption to break down for incident energies higher than 50 MeV.
The rapid interchange probably also requires some barrier which
keeps the entering nucleon within the nucleus during the first energy
exchanges. Such barrier 1s provided for in case of charged particles
but may be lacking if the entering nucleon is a fast neutron. When
the compound nucleus 1s formed by high energy y-ray excitation,
there 1s experimental evidence against the validity of the assump-
tion. The original picture of a nuclear reaction taking place in two
independent stages has been extremely useful to explain a great
number of phenomena. We must be prepared to find an increasing
number of exceptions, however, as observations are extended into
the regions of higher energy.
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