VoLuME 3, NUMBER 10

PHYSICAL REVIEW LETTERS

NoOvEMBER 15, 1959

find a very close agreement between the result-
ing electron energies and the expected appearance
potentials of O” and C~. In Table I we have
listed these energies and the appearance poten-
tials for negative ions derived from CO if the
dissociation energy of CO is taken as 11.11 ev
and the affinity of O as 1.45 ev.* For C"+0" we
have listed values taken from the theses of Lage-
gren® and Petrocelli® separately. In CO, as in
H,, we find at least one very broad peak below
the first one that appears from free electron
capture. In the present case the ion formed
would have to be CO™ if our ideas are correct.

A mass spectrographic analysis is under way to
elucidate these processes further.
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DIPOLE STATE IN NUCLEI*
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(Received October 28, 1959)

In order to explain the unexpectedly high (y, p)
cross section in heavy nuclei, various authors’»?
have proposed that these protons arise mainly
from a direct process. The close relationship
of this process to the shell model and optical
model has been elucidated by Wilkinson,® who
points out that the initial state of the nucleus is
quite well described by the shell model. The
proton involved in the direct process can then
be considered as being initially in an eigenstate
in the shell-model well. Upon absorption of the
dipole gamma ray, the proton makes a transi-
tion to either a bound level in the well or one
in the continuum. Because this state is not
stationary, it is given a width I" +2W, where W
is the absorption in the optical-model well at
the relevant excitation and describes the absorp-
tion of the single-particle excitation into com-
pound states and I’ is the width for escape. The
proportion of fast protons that escapes is then
T'/(T'+2W). The picture is very appealing, in
that it produces the observed order of magnitude
of fast particles, which is several orders of
magnitude greater than the statistical descrip-
tion predicts. The relation of this description
to one in terms of compound states of the sys-
tem has been given in detail.? In reference 4
it is made clear that the highly excited levels
discussed by Wilkinson are really combinations
of thousands or millions of compound states
which, however, act coherently as a single-
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particle state for some processes. We will re-
fer to these groups of compound states as single-
particle excitations.

The positions of the single-particle excitations
can be found directly through other processes.
Recently, (d, p) experiments using poor resolu-
tion®® have determined the positions of single-
particle excitations lying between zero bom-
barding energy and the binding energy of the
last neutron. - The spacings of these excitations
seem to be in sharp conflict with those required
by Wilkinson. For example, in Ti*, the f,, and
8y- levels are only about 4 Mev apart. However,
just the transition between these two levels is
an appreciable part of the giant dipole resonance
in this nucleus, which comes at an energy of
about 15 Mev. It is true, of course, that one
must add a pairing energy to the 4 Mev before
making the comparison, because in the absorp-
tion of the gamma ray a pair is generally broken.
However, this is only one or two Mev. It seems,
therefore, that the transition between single-
particle excitations should occur at an energy
of only about half that of the giant dipole reso-
nance.

We should like to point out in this note that
these two energies cannot be compared directly,
since, in the dipole absorption, a hole is formed
in the nucleus. Since the process is a dipole
one, the excited particle and hole are strongly
correlated in angle; i.e., their angular momen-
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tum must be coupled to form a 1- state, assum-
ing the original nucleus to be in a 0+ state. Be-
cause many particle-hole states can be formed,
and because these states are almost degenerate
in energy, the particle-hole interaction can have
a profound effect in redistributing dipole transi-
tion strength.

We shall demonstrate these effects by using
a schematic model, the mathematics of which
is suggested by the Copenhagen work on pairing
interactions.” Major numerical approximations
are made in going from the actual situation to
this rough schematic model. The model does,
however, exhibit how coherent effects are able
to push the dipole transitions to much higher
energies than one would, at first sight, think
possible.

v E, ) =)y, i

Py Ty n "

where

[ U lz+1]

The lower suffixes p and # refer to particle and
hole, the R’s are radial wave functions, and the
C’s are Clebsch Gordan coefficients. The phase
factor (- 1) % is put in for convenience to make all
quantities positive. In medium and heavy nuclei,
a large number of particle-hole states can be
formed. The particle-hole interaction will mix
these, and to find the perturbed eigenstates, we
must solve the secular equation. In realistic
situations, this is quite complicated, e.g., see
Elliott and Flowers® where this is carried out
for O'®. We shall, therefore, make several
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FIG. 1. Diagram representing the process by
which a gamma ray creates a particle-hole pair.
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We consider first protons in a potential well,
and will indicate the extension to the case of
protons and neutrons in a nucleus later. The
main contributions to the absorption come from
closed shells. We shall, therefore, specialize
our discussion to nuclei with double closed shells,
neglecting the influence of the few valence nu-
cleons. We neglect spin, and consider only
transitions from [/ to /+1. Choosing our “vac-
uum” as the initial nucleus, we see that the
gamma ray creates a particle-hole pair through
the process shown in Fig. 1. With axes oriented
so that the Hamiltonian describing the inter-
action with radiation is

H, =e(2mhw)Z, (1)

the particle-hole state formed in absorption of
the gamma ray is

(Gp’ ¢p)] R (7’ )R (1’ ), ()
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approximations which give us a schematic model
where we can display the qualitative features
explicitly. We shall return later to a discussion
of the approximations. First, we shall use zero-
range forces, i.e., we take the particle-hole
interaction to be

V(F

p-rh)= -r )9

VOO(rp W
with V, positive. (If the particle-particle force
is attractive, the particle-hole one is repulsive.)
Now when Yy, and Yy; +1 bave the same argu-
ment,

v, ¥ 1
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so that the diagonal elements of our secular
matrix are

(- o]
2 2,
ei+(li+1)(V0/4n)J; BBy Yy,

where the €; are the unperturbed energies, i.e.,
the energies of the dipole excitations Wilkinson
is considering. The off-diagonal elements are

t, +1)"2<z +1)¥2(v /47) f R,R L R ’ lJ+1r2d

We next make the further approximation of set-
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ting the radial integrals equal, i.e., we set

(1/0/47r)jo Rl ’R

giving us a secular equation

€ +(L,+1)G -2 (2, +1)¥3(1, +1)V2G (1, +1)Y%(1, +1)V2G
(I, + Y31, +1)V3G €+(l,+1)G -2 (I, +1)V2(1, +1)V2G
0= (1 +1)“2(; +1)V2G (I, +1)Y%(1, +1)V3G € +(lg+1)G -2

By collecting powers of (€; - 1) one can easily
show that this is equivalent to the equation

n
H(e - Z H (€, -A)(l+1)G 0, ()
i=1 i=14=1(; #7)
which in turn is equivalent to
n
27 (1.+1)/(x-€)=1/G. (7)
j=1 J J

The solutions of Eq. (7) can be obtained by plot-
ting the left- and right-hand sides graphically as
in Fig. 2, where the x’s show the solutions A,
It is seen that the uppermost eigenvalue is
pushed up a large amount. Let us now ask what
happens when the €; become degenerate. Then,
it easily is found that the solutions A; are

n

A=A = =r =6 A—€+lz—)l(l+1 , (8)

where € is the common value of the €;. Denoting

ol-
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FIG. 2. Graphical solution of Eq. (7).
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the perturbed eigenstates by x;, the nth state is
= 1)]-v2 1)V2, |
x,=[22(,+1)] Z)(l].+ Yo, )

Therefore, this state is pushed up through co-
herent effects from all of the degenerate levels.
Since a large number of particle-hole states
participate and since each term in the sum in

Eq. (8) is of the order of one Mev, the nth level
is pushed up by several Mev. Now, the dipole
transition amplitude to any one of the unperturbed
states ¢; is just
Tz‘ = fcpz_(f'p, fh)é(fp -Fh)HI(Fp)dsrpd3rh

[(l+1)/3 IRzz 1+ [dr. (10)

Assuming, again, that the radial integrals are
all equal, it is clear from Eq. (9) and the
orthogonality of the ¢; that the uppermost level
carries, in this approximation, all of the dipole
transition strength. That is, through the particle-
hole interaction, the lower levels have been
denuded of their dipole transition strength and
this has been transferred into the uppermost
level. We propose, therefore, to call this level
the “dipole level.”

These arguments can be generalized to cover
the transitions /; to /; -1, as well, by changing
I; to I; -1 in the relevant matrix elements of
the secular matrix and in T;. However, where-
as the approximation of setting all radial inte-
grals equal does not seem unreasonable in the
transitions /; to /;+1 where the important transi-
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tions are “nodeless to nodeless” ones, it would
not seem to be justified in the transitions I; to

1; -1. However, in heavy nuclei (e.g., see Wilkin-
son’s calculations for Sn and Pb in reference 3)
almost all of the oscillator strength is contained
in the transitions /; +1.

To take account of effects due to the neutrons
in the nucleus, we consider first the case of
light nuclei and neglect Coulomb forces, so that
isotopic spin can be considered to be a good
quantum number. Then the dipole interaction
Hamiltonian, after removal of center-of-mass
coordinates, is

H[=(e/2)(21rkw)Z-rs, (11)
for a nucleus with equal number of protons and
neutrons; i.e., the effective charge on the pro-
ton is ¢/2, that on the neutron, -¢/2. Since the
Hamiltonian is the third component of a vector
in isotopic spin space, only 7 =1 states will be
formed from applying it to the T =0 ground state.
The particle-hole states will now be
@ g, ) -0, )], (12)
where the + indicates that the first part of the
wave function refers to a proton particle-hole
state, and the - indicates that the other part
refers to a neutron particle-hole state. In the
T =0 state, which cannot be formed by absorp-
tion of the gamma ray, the - sign would be re-
placed by a + sign.

Now the question of what happens to the 7'=0
and T =1 levels depends on the isotopic spin
dependence of the force. A repulsive particle-
hole interaction containing no isotopic spin de-
pendence will push the T =0 level up in energy,
leaving the T =1 level unchanged, whereas a
force of character 7;-7; which is repulsive for
like particles will push the T =1 level up. The
Rosenfeld mixture used by Elliott and Flowers®
is of the latter type. A more detailed discussion
of effects of a force such as the Rosenfeld mix-
ture would require introduction of spin, but there
is no doubt that the isotopic spin dependence is
such as to push the T =1 levels up.

In heavy nuclei, where isotopic spin is no
longer a good quantum number, neutron and
proton excitations can be treated independently.
Whereas it is true that the neutron particle-hole
states are created with opposite phase from the
proton particle-hole ones because of the 74 in
the interaction Hamiltonian, a force of the ?i‘?j
character will give opposite signs when evaluated

between particle-hole states of like particles and
particle-hole states of unlike particles so that
the matrix elements in the secular matrix will
again tend to be all positive.

We have made radical approximations in this
schematic model, but the qualitative features
should be given correctly, at least for heavy
nuclei. Unfortunately, detailed calculations with-
out our simplifying assumptions are difficult to
make here, and these have been carried out only
for the case of O'®. Here, the work of Elliott
and Flowers does show that the dipole transitions
occur at a high energy as a result of the particle-
hole interactions, but the dipole strength is large
not only in the top level, but in both of the two
highest levels, although the lower levels are
denuded as we would predict. Nothing in our
model would predict that two levels should be
pushed up.

In this case of a light nucleus, there are, how-
ever, several features which are not at all well
described in our picture, and may be responsible
for this, First, spin-flip transitions are rela-
tively important here, because of the low [ in-
volved, and the unperturbed energies €; for
these transitions are quite different from those
of the non-spin-flip transitions. (We have neg-
lected spin in our model, but it is clear that
when generalized to include spin, it will describe
only the non-spin-flip transitions well, because
only these are nearly degenerate in energy.)
Furthermore, the transitions l;tol; -1are
relatively important in oxygen. Neither of these
features is present in the medium and heavy
weight nuclei, where almost all of the oscillator
strength is carried by the I; to /; +1 transitions
involving no spin flip.

Some general qualitative features come out of
the work of Elliott and Flowers which are present
in our model. In particular, it is true that the
state which is pushed highest up in energy is the
most symmetric state, in terms of the particle
and hole, i.e., that is the state in which expan-
sion of the x; in terms of the ¢; such as in Eq. (10)
involves mostly + signs with our choice of phases
for the ¢;. Since the matrix elements of the
secular matrix are all positive, clearly this state
will lie highest in energy. This is analogous to
the most symmetric state lying lowest in energy
when attractive forces are present, as was noted
long ago by Wigner and collaborators.® The more
symmetric the state is, the more dipole strength
it carries.

We believe that our schematic model indicates
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that an increasing regularity will occur in going
towards heavier nuclei, so that the coherent
eifects can become strong enough to shift the
dipole transitions up several Mev. The schema-
tic model is, of course, no substitute for detailed
calculations, but indicates the possibility of these
coherent effects in a simple way.

*Supported in part by the U. S. Atomic Energy Com-
mission.

*Permanent address: Mathematical Physics Depart-
ment, University of Birmingham, Birmingham, Eng-
land.
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ANGULAR DISTRIBUTION OF NEUTRONS FOLLOWING THE NUCLEAR
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Measurements?s ? of the total capture rates of
negative muons in complex nuclei have indicated
that the magnitudes of the squares of the coupling
constants must be about the same size as those
in the processes of g and u decay. Previous re-
sults have not shown, however, whether parity
conservation is violated in the interaction, and,
until recently,® no evidence has existed concern-
ing the relative signs of the coupling constants.

In order to examine some of these problems
the authors have attempted to measure the angu-
lar distribution of the neutron about the direction
of muon spin in the process

LW +Dp=n+ .

An asymmetry in this distribution would pro-
vide clear evidence of parity nonconservation.
In addition, various authors*~? have shown that
the value of the asymmetry coefficient ¢ in the
expression for the angular distribution,

D()=1+a0o-p/IDl, (1)

is dependent upon the relative signs and magni-
tudes of the coupling constants (here o represents
the muon spin vector, and p the neutron momen-
tum).

The experimental arrangement is shown in
Fig. 1. The negative meson beam, of momentum
190 Mev/c, from the Liverpool synchrocyclotron
was moderated by an appropriate amount of poly-
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thene so that the muons were brought to rest in
the target. Pions stopped in the absorber be-
tween counters 2 and 3. The target was S%; this
was chosen in order to provide a sufficient num-
ber of neutrons, and to avoid complete depolari-
zation of the muon beam.®

The arrival of a muon was signalled by the
coincidence sequence 234, and the emission of a
neutron by 1345 (referred to hereafter as “start”
and “stop” events, respectively). Counter 5 was
of a type developed by Brooks,® and was used in
order to discriminate against the y rays emitted
following muon capture. This discrimination is
essential, since the rate of emission of y rays
is comparable to that of neutrons.? The counter
had an average efficiency for the detection of
neutrons in the energy range of 4 - 15 Mev of
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FIG. 1. Experimental arrangement.




