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Abstract

Enhancement of parity violation effects are calculated in an extended shell model space. Strong enhancements in the
longitudinal asymmetry are found when the nucleus is in a regime of large density of states and when nuclear states are
very complicated exhibiting features of complete mixing characteristac of the chaotic stage. The nature and mechanism of
the enhancement are discussed and compared with panty violation effects found at the single-particle stage. The universality
of this effect for a wider class of symmetries and symmetry breakings as well as for a large class of complex systems is
mentioned.

It has been conjectured in the past [ 1,2], that in the
compound nucleus, certain effects o f parity and time
reversal violation will be enhanced with respect to
the same effects when measured for nuclei near their
ground state energy. We concentrate on the violation
o f reflection symmetry and effects o f parity mixing
in atomic nuclei. When scattering polarized neutrons
with helicities v = 4-1/2 off unpolarized nuclear targets one can measure the longitudinal asymmetry:
P = o-+(E) - o-_(E)
o-+(E) + o-_(E) '

(1)

where t r + ( E ) are the helicity + 1 / 2 and - 1 / 2 total
cross-sections for neutrons with energy E. In the absence o f parity violation P = 0. A non-zero longitudinal asymmetry signifies the existence o f parity nonconservation in the neutron plus target system. The
measurements o f P are made for p - w a v e resonances
in the compound nucleus. Those p - w a v e resonances
with J = 1 / 2 - may mix with J = 1/2 + (s-wave)
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resonances through a parity non-conserving ( P N C )
force, and therefore give rise to nonzero values for P .
In a number of theoretical works [ 2 - 5 ] it was
shown that the most important term that contributes
to P in resonant scattering has the form:

P(E~) = 2 E

< tzlVeNclq > ~tq

(2)

q

where VpNc is the PNC interaction. The state [/z >
is a J = 1 / 2 - resonance excited in the reaction and
E~ its energy. The states Iq > are J = 1/2 + states
that mix with the resonance [/x > . ~q and ~,~ are the
neutron decay amplitudes to the target ground state
of the [q > and 1/.* > resonances, respectively. For
low neutron energies, due to the centrifugal barrier
penetration factor, the ratio for £ = 0 and £ = 1 decays
is

~,q ~ v ' g

"Y~z

kR

(3)
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where k is the neutron wave number, and R is the nuclear target radius. For E N 1 eV and a heavy nucleus
this ratio is about 103. This enhancement sometimes
referred to as “kinematical”
is very important in the
observation of P( E,) but is not the subject of this
paper.
In this work we will be interested in the other quantity in Eq. (2), namely in the behavior of:
R,=

< &'i'NCt~ >
Ep - E,

(4)

’

It is the behavior of this quantity in the compound
nucleus that leads to the “dynamical” enhancement of
P in Eq. (2).
We may express the decay amplitudes yP and yq in
the following manner:
yP = a?,‘“’ < ~o,lUI~$+)(E,)

>

(5)

and
r4 = aiq) < soslUJ~j+‘(E~)

>,

(6)

where ‘pP and 5ps are the single-particle bound states,
are the neutron continuum wave
$‘(E),
x$+‘(E)
functions, and U is a one-body potential. The symbols
amplitudes (specUP(*) and a$q) are the single-particle
troscopic amplitudes) of the bound p and s states in
the wave functions of the 1~ > and /q > states, respectively. Denoting
< ql~I~p+(E,)

= Ye

(7)

< ~sl~lxt(E/J

>= Y,(&),

(8)
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where Ho represents the mean field Hamiltonian, and
V is a residual interaction. We now assume that we are
in the energy regime where the nuclear states (c >,
which are eigenstates of H when expanded in the basis eigenstates of Ho, will contain a large number N of “principal” components 140~>; components that
all have amplitudes of the same order of magnitude
l/o.
The number N is proportional to the density
of states in the excitation energy regime under discussion. The assumption about the large number of components is an expression of the fact that the nucleus
is in a stage of strong mixing; and its wave functions,
when expressed in terms of the simple configurations,
have amplitudes that are randomly distributed. In this
case:

Ic>=

P(E,)

c

&‘kNClq

>

EP- E9

9

In what follows we will mainly deal with the quantity
<
Afi=C
4

/‘I6’NClq

E

P

-E

> @
9

(/JCL)
.
a,

Let us divide the full parity conserving
tonian into:
H=H,+Y

(12)

Let V, be a one- or two-body interaction that violates a symmetry of H. One can write an off-diagonal
matrix element as:

Since the interaction V, is at most two-body, and in
many cases (such as in parity violation in valence orbitals outside of a closed shell) its effective dominant
part is one-body, one can connect a given configuration IpI > to one or very few states lp, >. The double
sum in Eq. ( 13) is thus reduced to a single one. For
the sake of argument let us write
<

<

-&~c)la~
>.
1=l

we write Eq. (2) as:
~p(E,d
= 2YS(E,)

7

4D,IvsulP,
>=P&i

(14)

(for a one-body V, this is exact in the absence of
radial excitations, while for a two-body V,, there is
only a small number of j that will connect to a given
i) . Then

( 10)

(15)

nuclear HamilBecause of the “chaotic” nature of the states Ic > and
Ic’ > the coefficients ai”’ are independent random
(11)

Gaussian

variables,

and since Cfl;, J,l(‘)J’ = 1, each
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[ < c]v,]c’

>2]1/2 N Jfi’

The average energy spacing between
]c > and Ic’ > is:

(16)
adjacent levels

EC-EC,=+,
and therefore
Ic’ >

(17)
for such two adjacent levels ]c > and

We now take V,, to be the PNC interaction
We obtain for the mixing amplitude

bNC.

Thus R, is proportional to fi
if 1q > is a J =
l/2+ level adjacent to the J = l/2-, 1,~ > level. This
proportionality
to fi
is expected to persist in the
sum of Eq. (2) because the contributions from other
terms that come from more distant states (q > will
average to zero because of the randomness of sign of
the matrix elements and decay amplitudes. Thus only
one or very few large terms that stem from levels (q >
that are very close to /,u > will contribute to the sum
in Eq. (2). For an E = 1 eV neutron incident on the
232Th target, the excitation energy in the compound
233Th nucleus is E, N 4.8 MeV. At this energy, as
already mentioned, the density of states is about 10s,
J = l/2 levels per MeV. When compared to a singleparticle spacing this gives N 11 106, and therefore the
“dynamical” enhancemeqt is fi
N 103.
In this work we prese t a numerical study of this
enhancement effect. It is i possible to perform a complete calculation of J = +l/2 levels in the compound
nucleus for a heavy target such as Thorium. We therefore use a light nucleus which should provide a credible model for the situation occurring in heavy mass
nucleus. The scale of the spacing between compound
levels will be in the keV range rather than eV, but we
are able to extrapolate many of our results to the case
when the energy spacings are in the eV range.
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The calculations were performed for the 9Be nucleus using an extended shell-model space which included the OS, Op, IsOd, and 1pOf major oscillator
shells. The A = 8, J = Ot ground state was calculated
in a Olin + 2tiw model space which had a matrix dimension of 147. The A = 9, J = l/2- levels were obtained in a OIiw + 2fiw model space, and the J = l/2+
levels were obtained in a lb
+ 3tiw model space.
The A = 9 matrix dimensions were 647 and 3266, respectively. The parity conserving Hamiltonian was the
WBT interaction of Warburton and Brown [ 61. In this
type of calculation one should take care of the spuriousity introduced by the center-of-mass motion. This
was done using the method of Gloeckner and Lawson
[ 71. We have chosen the excitation energy around E =
20 MeV to be the representative energy region, since
in nature it involves states that are well described by
the theoretical space used here.
The full PNC interaction of DDH [ 81 was used to
calculate the PNC matrix elements between the lowlying states which are predominantly proton ( 9B) and
neutron ( 9Be) with results of -2.9 eV and 0.6 eV, respectively. Then we introduce an equivalent one-body
parity non-conserving
(PNC) interaction and compute
the matrix elements in which we couple the calculated
negative parity J = l/2states to all the computed
positive parity J = l/2+ states. The PNC interaction
can be either isoscalar (T = 0) or isovector (T = 1)
and we have used the form:
&NC

= ETu

* p,

(20)

where u is the nucleon spin, and p is the linear momentum. The coefficients ET are parameters specifying the strength of the PNC interaction. The values of
Er were chosen so as to reproduce the above DDH
PNC matrix elements in 9B and 9Be.
At this stage we must set the scale by introducing
a single-particle estimate for the asymmetry of P in
Eq. (2). Let 1~ > and )q > be the single-particle
pli2 and s1/2 states. The value of Ep - Eq in this case
is determined by the spacings of single-particle states
which in the A = 9 region is typically
L&, = Ep - Es N 15 MeV.

(21)

Since we consider the case of single-particle
(sp)
states, the ratio of the spectroscopic
amplitude
a$q)/$‘)
is one, and A, in Eq. (10) is reduced to
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Table 1
Propertaes of the PNC matrix elements

of principle components - N could be estimated [2]
by using:

State
< tzl~i,Nclq > rms
number (eV)

R~
(10 - 6 )

A~z
(10 - 6 )

F PNC
J"
(10-6eV)

20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

-6.4
-5.8
-5.8
4.3
--3.3
-1.8
6.8
-6.8
-36.9
10.9
-6.8
4.0
20.1
-12.0
28 7
45
-3.6
-4.5
33.7
27 3
13.7

0.5
-3.7
0.7
2.7
-0.1
76.4
-0.6
-42.0
42
0.2
-52 9
1.1
-38 5
36.4
-60.6
07
-2.2
0.2
-29.4
-5.9
-11.3

7 1
4.8
7.1
4.8
6.1
11.1
3.9
4.8
7.7
3.6
6.0
2.0
63
6.6
8.8
126
89
11.2
10.3
11.1
6.0

0.51
0.42
0 45
0.61
0 36
0 37
0 47
0 32
0 39
0.22
0.36
0 37
0 41
0.51
0.43
0.50
0.48
0.44
0.46
0.46
0.31

A ~ = < ~°PIVpNcI~°s >
Ep - Es

Rtz = Z

(22)

(23)

(24)

The average spacing between adjacent levels turns
out in our calculation to be
/3** _~ 150 keV.

R~.

(27)

q

This result will serve as a scale in our calculations of
A~ or Rgq.
In Table 1 we show the rms of the matrix elements
</zlVpNclq > for an ensemble of 21 J = 1 / 2 - , I/z >
states (state numbers 20-40). Each of these states is
coupled to 500 J = 1/2 +, Iq > states. When taking
the average (over the 21, 1 / 2 - states) we obtain
[</*[VpNc[q >2] 1/2 _~ 0.4 eV.

(26)

where Fsp is the single-particle spreading width which
in this calculation is about 5 MeV. The rms PNC matrix
element should be reduced therefore by a factor ~
7 compared to the single-particle one, which indeed is
the case. We define:

Using the above value for Ep - Es and a value of 3
eV for the single-particle PNC element in this mass
region, we obtain
A~ _ 0.2 x 10 - 6

N = 'rr Fsp
2D'

(25)

When comparing this spacing to the single-particle
spacing of 15 MeV we see that the expected number

The values of Ru for the 21 I/z > states are given in
Table 1. The q sum is taken in principle over all J =
1/2 + states, but in practice is found to converge for
the lowest 500. We see that all the values obtained are
larger than the single-particle value in Eq. (23).
We should stress the following points recently discussed in [9]. In the limit of zero PNC the J = 1 / 2 and J = 1/2 + levels do not repel and the distribution
of energy intervals of neighboring J -- 1 / 2 - and J =
1/2 + levels follows the Poisson distribution and not
the Wigner distribution [ 10]. This means that in the
absence of finite widths for these levels, the rms value
of R~ is infinite. In turn this means that very large values of Ru will be found with finite probability. This
effect is probably encountered in our calculation. The
very large values of Ru seen in Table 1 are a consequence of the effect and part of the enhancement in
Ru found in our numerical results is due to this effect.
In order to provide a typical value for the enhancement, we relate the results to a median of IRul which
is about 6. This means that the median enhancement
is approximately a factor of 30, but as seen from the
table, the enhancements fluctuate a lot.
In Fig. 1 we show the behavior of Ru as a function
of the energy Er = Eu - Eq. We see that for each Itz >
state the value of Ru is determined almost completely
by the contribution of a few states Iq > lying in the
immediate vicinity of the state [/z >. The contributions
of the more distant states are reduced in size because
of the denominator and mostly cancel out because of
the random sign distribution. The amplitudes a~ q) are
also random variables and we should expect similar
behavior for the A~. Indeed the behavior of Au shown
in Fig. 2 resembles the curves of Fig. 1.
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Fig. 1. R~ as a function o f the m a x i m u m e n e r g y Er = E~ - Eq
In the s u m o f F,q. 27, for state n u m b e r s 2 0 to 29.

We should make the following remark; there are two
relevant single-particle p states (the Opl/2 and lpu2)
that contribute to the spectra we consider. We had to
include both when we formed the sum in Eq. (8).
We did that by replacing a (t`) in the denominator
with -0p"(t')÷ ~lp"(t`).Of course this replacement does not
change the behavior of At` in Fig. 2 for a given/z, but
it affects the relative magnitudes of A t, for different
#. The values of At` are given in Table 1. Compared
to A T, we find that the enhancement factors fluctuate
a lot, but again the median enhancement is about 30.
We should also remark that some of the large fluctuations in the values of At` are also due to the smallness
of aC/') in the denominator, in addition to the other effects discussed above. This spectroscopic fluctuation
is probably occurring in nature, however we should
keep in mind that the Pl/2 -resonant cross-sections are
proportional to la~t`)12; and therefore very small values of a{pt`) will enhance the asymmetry in Eq. (2),
but will also at the same time cause the cross-sections
to be very small.
One of the important characteristics of symmetry
breaking is the symmetry violating spreading width
[ 10-12]. In the case of PNC the spreading width for
a given state I/z > is:

t0
state

20

J

FpiNc = 2~'< /zIVpNcIq
>2
/)~,

0

(28)

state 25 (x 0 1)

-tO

where in the numerator we have the mean square PNC
matrix element averaged over the states [q >, and
Dt` is again the average spacing of states Iq > in the
vicinity of I/x >. In Table 1 we show the calculated
FpINc for 21 states [/z >. The averaging, as before, was
performed for 500 states Iq > lying in the vicinity of
each state I/z >. We see that the values of the spreading
widths are fluctuating between (2-12) x 10 -6 eV with
an average value and variance:

s t a t e 21

0
state

3

26

-to
state

22

state 27 (x 0 1)

"~ - l o
state 28

0

k
FpINC = 7.5 + 3.5 X 10 -6 eV.

-10
s t a t e 29
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Fig 2. A~ as a function of Er

0

10

20

(29)

In Ref. [4] a doorway state model was introduced
in which an attempt was made to estimate the PNC
spreading width under the assumption that the onebody component of the PNC force is dominating the
effects of parity mixing in the compound nucleus. With
a one-body PNC force given by Eq. (20) the relevant
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Fig. 3 Strength dis~ibuuons for the matrix elcmcnts o" p (dashed
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all 1/2 + states
doorway is the giant spin-dipole resonance defined
through the collective operator:
or, • r,.

~ N

~0

E,(MeV)

Q = ~

11

(30)

I

We have calculated the distribution of the or. r (as
well as the or- p) strength for the 21 J = 1 / 2 - states
that we analyze. As an example we show in Fig. 3
these two distributions for the [/z > state number 20.
The figure was drawn so that the strengths (for both
or. p and or. r) are averaged over Gaussians with a
width o f one MeV. Even though the distributions are
fluctuating, one can still see that the strengths for both
or.p and or-r, are similar and exhibit a broad resonance
behavior with the center of the resonance lying about
10 MeV above the energy E~,.
It is worthwhile to make the following remarks. In
Fig. 4 we show the distribution of the nearest neighbour level spacings obtained in our calculation and
compare it with the Poisson and Wigner distributions.
The numerical distribution does not agree with either and its shape is intermediate with respect to the
two theoretical shapes. It is customary to refer to the
Wigner shape as characteristic of the "chaotic" stage
in a quantum system [ 10]. We see that although the
distribution o f levels does not reach the fully "chaotic"
limit, the "dynamical" enhancement does take place
already at an earlier stage.
The "dynamical" enhancement discussed in this paper is not limited to effects of parity violation in corn-

Fig 4. Nearest neighbor level spacings for the 1/2- and I/2 +
states. The spacings for states 20-40 are compared to those expected from the Poisson (sohd lines) and Wigner (dashed lines)
distributions.
pound nuclei. One expects a similar situation to occur for a number of symmetries weakly broken in
the nuclear system. Time reversal is an example of
such symmetry. Time reversal violation observables
that are linearly dependent on the mixing amplitudes
will show such effects of enhancement when studied
in the compound nucleus regime. Also, "dynamical"
enhancement should occur in many complex quantum
systems in the situation when the density of states is
high and the wave functions are complicated. Thus
enhancement of parity violation should occur also in
atoms and molecules.
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