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1.

Measurement of PV Asymmetries in the Compound Nucleus (CN).
The TRIPLE Experiment at the Los Alamos Meson Physics Facility
(LAMPF) / Los Alamos Neutron Scattering Center (LANSCE).
The parity-violating

resonance is Pi =

longitudinal

+ - cJ-

asymmetry for the ith p-wave

where _J+ and __ are the resonance cross

CJ+ + ¢J-

sections for positive and negative helicity neutrons. The TRIPLE
collaboration has developed an apparatus to take advantage of the very high
neutron fluxes available at LANSCE to measure several parity-violating
asymmetries in a single target. The apparatus is described in detail in
Roberson et al. 1 The 500-gsec-wide 800 MeV pulses from the LAMPF
linac are injected into the Proton Storage Ring at the rate of 20 Hz and time
compressed into triangular pulses 250 nsec wide at the baseo These pulses
impinge on a tungsten target surrounded by a water moderator. The
intensity of the epithermal neutron flux at neutron energy E is approximately
given by _=dN 0.01--1 f __,I where I is the proton current (typically 70
dE
E
e
gA), e is the quantum of charge, _ is the solid angle, and f is the fraction of
the 13-cm by 13-cm moderator viewed by the collimator system. It is the
large neutron intensity that makes the measurements described here possible.
The LAMPF/LANSCE accelerator complex is shown schematically in
Figure 1.
The apparatus developed by the TRIPLE collaboration is designed to
make simultaneous measurements of the longitudinal asymmetries of several
p-wave resonances. The apparatus is shown schematically in Figure 2.
First, the neutrons pass through a flux monitor consisting of a pair of
ionization chambers; the first contains 3He and the second 4He at
atmospheric pressure. The 3He ion chamber responds to both neutrons and
photons, while the 4He ion chamber responds only to photons. The signals
from each of these ion chambers are amplified by operational amplifiers and
digitized by voltage-to-frequency converters. The neutron flux is measured
for each burst (with 0.1% accuracy) by subtracting the digitized 4He signal
from the digitized 3He signal.
The neutrons next pass through a LMN spin filter. The protons in the
water molecules of hydration in the LMN single crystals are dynamically
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Figure 1. The LAMPFflight path.

LANSCE accelerator complex with the 56 meter

polarized by the combination of cooling to 1.1 K, a 2.02-T longitudinal
magnetic field and microwave pumping. The cross section for neutron spin
parallel to the proton spin is much smaller than for neutron spin anti-parallel.
The anti-parallel neutron spin is filtered out, producing a polarized neutron
beam for neutron energies between 0.1 eV and 50 keV. We achieved beam
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Figure 2. Schematic diagram of the apparatus to measure longitudinal
asymmetries.
polarization between 20 and 40% depending on the degree of radiation
damage to the LMN crystals. The susceptibility of the LMN crystals to
radiation damage and the general unreliability of this polarizer has led us to
develop a new system based on frozen ammonia. See the paper of S.
Penttil_. et al . 2
In order to study many resonances in the same nucleus simultaneously,
it is necessary to be able to reverse the neutron polarization over a wide
range of neutron energies. This is accomplished by a "spin flipper", a
system of magnetic fields located after the polarizer. The spin flipper has a
field along the beam direction that blends into the stray field of the super
conducting solenoid of the polarizer.
This 0.01 T longitudinal field
smoothly decreases, changes direction at the spin-flipper midpoint, and
increases to be opposite and equal to the initial field. A longitudinally
polarized neutron near the spin flipper symmetry axis experiences no torque

and passes through the spin flipper with its spin direction unchanged. In
order to reverse neutron spin direction, a transverse field is applied. This
field smoothly builds up and decreases over the 1-meter length where the
longitudinal field reverses direction. The moving neutron experiences a
field that is initially parallel to its velocity and then rotates to be anti-parallel
over a distance of 1 meter. If the Larmor frequency is large compared to the
rate at which the field direction rotates, the neutron spin follows the field
direction and is reversed. The neutron spin direction is controlled by turning
the transverse field on or off. Calculations reported in Roberson et al. show
that the neutron spin is efficiently reversed for neutron energies between 0.1
and 1000 eV. Thick samples, n _ from 1 to 2, are placed in the downstream
part of the spin-flipper solenoid. The targets were cooled to liquid nitrogen
temperature to reduce Doppler broadening.
The neutron detector is located 56 meters from the spallation source. It
consists of an array of seven 12.7-cm-diameter 1-cm-thick 6Li glass
scintillators. The 6Li content was 6% by weight. The neutron detection
efficiency was given by 1-exp(-2.32/4-E)
(56% for 8-eV neutrons). The
glass scintillators were viewed by Hamamatsu R1523 photo multiplier tubes,
which have low resistivity $20 photo cathodes. A new detector that will
have higher detection efficiencies for few-hundred-eV neutrons is discussed
in the paper of Yi-Fen Yen et al. 44
The data acquisition system operated in the current mode. The seven
anode signals were summed together, amplified, and sent to the counting
house. The combined anode signals were converted to digital signals by a
transient digitizer. This unit perit_dically sampled the combined anode
signals and encoded the digitized signal into a 12-bit word. The resulting
sequences of digitized signals were added into a 8192 channel summation
memory located in CAMAC. The memory was read out by the data
acquisition computer after every 200 beam pulses were accumulated.
Several techniques were used to reduce noise and systematic errors.
One sixtieth of a second after the data from each beam pulse was encoded by
the transient digitizer, the data from a second beam-off time interval were
encoded and subtracted from the summation memory. This procedure
reduced the size of noise signals with the 60 Hz period of the line frequency

by two orders of magnitude. The spin was reversed every ten seconds in the
8-step spin flipper sequence RNNRNRRN, which eliminates drifts up to
second order. For no reversal, N, the spin flipper transverse field was off.
For reversal, R, the transverse field direction was alternated so that, on the
average, the stray transverse field was zero. This alternation of the
transverse field direction eliminates the effects of the stray transverse field in
first order. The spin direction was independently reversed by reversal of the
polarization direction of the protons in the spin filter. This was done by
tuning the microwave pumping frequency to select different transitions. The
combination of spin-flipper and spin-filter reversal eliminates any systematic
errors from either reversal method in first order. The leading systematic
effect from the combined reversal method is the product of the first-order
effects in both. The first-order effect from the spin-flipper reversal is
estimated to be less than 10 -10 and the systematic effect from changing the
microwave pumping frequency is thought to be zero. Systematic errors were
shown to be less than a few 10.5 from in situ measurements of s-wave
impurity resonances, while measured longitudinal asymmetries were
typically 10-3 to 10-1. Thus, we believe systematic errors to be negligible
compared to other errors or the size of non-zero asymmetries in the results
reported below.
2.

Summary of Data on PV Asymmetries
and Random Parts of the Asymmetry

in the CN:

The Constant

The PV asymmetry for the ith level, P i, may be written as a
perturbation series. 3,4, 5
V
gj
Pi -22
ij __
1
j g i - gj gi
where E i and E j are the energies of the p-wave resonance and the admixed
s-wave resonances, V ij is the matrix element of the PV interaction between
states i and j, and g2i and g 2j are their neutron widths. The energies and
neutron widths are known experimentally.
According to the statistical
model of the CN, the neutron-decay amplitudes g i and g j and the matrix
elements V ij are mean-zero Gaussian random variables. It is to be expected

that measured asymmetries will show large fluctuations due to the statistical
character of Vij, E i - Ej, gi, and gj. Since each of these quantities can be
either positive or negative, it was generally believed that PV asymmetries
would have random signs. The measurements of the TRIPLE collaboration
on 232Th 11 brought this expectation into question. Seven out of seven
measured asymmetries with greater than 2.5 standard deviation effects had
positive asymmetries. In addition, the 63.5-eV resonance in the nearby
nucleus 238U showed a positive asymmetry. 10
Figure 3 summarizes the available data on PV asymmetries. The data
are divided into two groups corresponding to the 3-P and 4-P p-wave
strength function peaks. The asymmetries have been normalized so that data
from all nuclei can be directly compared.

On average, gj//gi ""1/"qr-_,

V ij ~ -,/-d,and E i - E j ~ d, where E is the energy of the p-wave resonance
and d is the s-wave level spacing. Therefore, in order to compare data for
different resonance energies and from different nuclei, the measured
asymmetries have been multiplied by _
. In addition, the 3-P
asymmetries have been multiplied by r_/2 to account for channel spin
mixing, which is present in the 3-P nuclei but not in the 4-P nuclei. For the
232Th data, P_cr-Ed= 145 + 51 eV%.
standard-deviation

For the single greater-than-2.5-

result in 238U P_]-Ed = 92 eV%.

For the 3-P nuclei,

P_4r-Ed= 117 + 72 eV%. The errors are calculated from the fluctuations in
the measured asymmetries, not from the experimental errors. There is strong
evidence that the asymmetries for 232Th are not random and have a non-zero
average. The one non-zero asymmetry for 238U has the same sign as the
232Th
asymmetries and a value consistent with the average 232Th
asymmetry. However, the average of the 3-P asymmetries is consistent with
both zero and the non-zero average of the 232Th asymmetries. We will
discuss the interpretation of the large average asymmetry for 232Th below.
As expected, the measured asymmetries have large fluctuations. The
first data that observed more than one non-zero asymmetry in a single
nucleus, 238U, was reported by the TRIPLE collaboration in 1990. 10 This
paper introduced a method, based on the statistical model of the CN and
using likelihood analysis, for extracting M, the root-mean-squared matrix
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Figure 3. Summary of available data on parity-violating asymmetries that
differ from zero by more than 2.5 times their experimental error. 6-12 The
asymmetries have been normalized so that data from all nuclei can be
directly compared. See text.
element of the PV interaction between CN states, from experimental
asymmetry data in a model-independent way. The method of Bowman et
al. 10 was applicable to spin-zero targets. The method was generalized to
non-zero target spin by Bunakov, Davis, and Weidenmtiller. 13 For more
complete and contrasting discussions of the application of likelihood
analysis to PV asymmetries in the CN, see contributions to this workshop by
Bowman and Sharapov 14 and by Bunakov.15
We consider the analysis of a set of measurements of PV asymmetries
of CN states. Equation 1 can be rewritten as:
Pi = EAijVij,
2.

J

2
g---ki.The squares of the A ij are known since E i and
where Aij = Ei _ Ej gj
E j and the neutron
experimentally.

widths

of the states,

gi2 and

g2j, are known

We assume that the V ij are independent Gaussian random

variables with a common variance, M 2, and mean zero. M 2 is the meansquared matrix element of the PV interaction between nuclear states. The
2
2
quantity, Q i = P i/B i, where B i = _ A ij, can be written as:
J
= 1 .Aij_ Vijand Z
=1.
3.
Qi
Bi j
J
Since Qi is a sum of identically distributed Gaussian random variables (the
Vij), each with mean zero, and the sum of the squares of the coefficients (the
A ij/B i ) is unity, Q i itself has a Gaussian distribution with variance M 2
and mean zero.
When neutrons scatter from a spin-zero target of mass A, resonances in
the A+ 1 CN are formed. The p-l/2 resonances, which mix with nearby s-1/2
resonances, can have large PV longitudinal asymmetries; p-3/2 resonances
cannot. The likelihood function, L(M), must take account of this ambiguity
if the spins are not known. The likelihood function, L(M), is given by:
L(M) =
n

2
+ --

1

(-Pi

4.

1
1
exp
M2 x
exp
.
i=I
+C_i)
2(
+(_2)
Ifthespins
areknown,16thesecondtermsareabsent.
Usingequation
4 to
determine M for the 238U data gives M = 0.57 +0.39
-0.21" For 232Th, the result
+0.55
is M = 1.39 -0.38" If equation 4 is modified to take the non-zero average
asymmetry into account, the result is M = 1.20 +0.55
-0.38" 17 The value of M
for 232Th does not depend strongly on which assumption is made for the
constant asymmetry. The values of M for 232Th and 238U are in rough
agreement.

I

3.

Theories of the Random Asymmetry, M2.

These theories develop relationships between either the size of M2 and
matrix elements of the PV (weak) nuclear interaction for independentparticle configurations or between M 2 and meson-nucleon weak couplings.
The object is to extract quantitative information on the weak interaction of
nucleons in nuclei from measured values of M 2. Several speakers at this
conference, D. F. Zaretsky, 18 V. V. Flambaum, 19 and N. Auerbach, 20
discuss theories of M2. We will first give an early qualitative estimate of the
size of matrix elements of the weak interaction between CN states due to
Flambaum and Sushkov, 21 then briefly describe the treatment of Johnson,
Bowman, and Yoo, 22 and finally make some remarks about the doorway
approach developed by N. Auerbach. 23 The theories of Johnson et al. and
Auerbach agree on the order of magnitude of single-particle matrix elements
of the PV interaction: 0.1-1 eV.
Flambaum and Sushkov 21 give an interesting qualitative discussion of
the size of matrix elements of the weak interaction between CN states in
their 1984 paper. The weak interaction is assumed to be a one-body
operator. The wave functions of p-wave and s-wave CN states are expanded
in a independent-particle basis [k ):
[g} = _ ak Ik) and[v)= y_.,
b 111).
5.
k
1
Following Bohr and Mottelson, 24 Flambaum and Sushkov assume that the
average squared expansion coefficients follow a Lorentzian distribution and
that each expansion coefficient has average value zero.
a-Tk =

Fd

6.

2r_[(E k - Eg)2 + F2/4]'
where F is the spreading width of the strong interaction (~ 3 MeV), d is the
CN level spacing, Ek is the energy of the configuration Ik), and Eg is the
energy of the CN level. Tlae wave function Ig) is assumed to be dominated
by its largest components. These have expansion coefficients a_arge, which
may be estimated by setting E k - Eg to zero in equation 6. The number of

1

zrF

large components in the wave function, N, is estimated as N =

2
2d
alarg e
The weak interaction operator is assumed to be dominated by its one-body
part. The one-body part of V PV connects single-particle states Ik) and I1),
which differ in energy by 1 hco. The matrix element squared between CN
states may be estimated by a random walk argument; only the diagonal terms
in the four-fold sum for M2 give a non-zero average.
(vIVpv [g)= _ ak _ bl (1[Vpv Ik)
k
1

M2 =<vlVpvlt)2 -

Za_
k

Eb 2l(k)
l(k)

F2
_
-Nq hco
2 (Vvv)2qdr'(vev
hCO
2
where

(l(k)lVpvlk)

7.

)2

q is the number of configurations

II(k)) connected

to the

configuration Ik ) by the one-body part of V pv and (Vpv) is a typical
value of a single-particle matrix element of Vpv. Although Sushkov and
Flambaum argue that collective degrees of freedom do not strongly change
the size of matrix elements, this qualitative treatment exhibits much of the
physics that is important in the relationship between M 2 and (V PV )2.
Johnson et al. 22 developed a relationship between M 2 and the weak
meson-exchange couplings based on the theory of statistical nuclear
spectroscopy developed by French et al. 25 and Tomsovic. 26 The French
theory, based on the central limit theorem, trace algebra, and group theory,
represents the strength function of a symmetry-breaking operator,
2rcM 2
=S(E1,E2)
,
8.
d
as a bivariant Gaussian function in the arguments E1 and E2. French works
in a model space of the 0-ho_ excitations available to valence particles
outside a doubly-closed core. The Hamiltonian is divided into three parts:
an independent particle part, a strong two-body residual interaction (taken as
a surface _5function), and a symmetry-breaking part. The parameters of the
strength function are determined as expectations of commutators of the

symmetry-breaking interaction with the strong Hamiltonian. The strength of
the residual interaction is adjusted to fit observed level densities. Johnson et
al. 22 used the fits of French et al. 25 to 232Th and 238U as a starting point.
Johnson et al. 22 assumed that the ratio of the mean-squared matrix
element of the PV interaction and of the traceless surface _5function
symmetry-breaking interaction of French et al. 25 is independent of the
selection of CN states over which the average is taken. This would happen,
for example, if the CN states were all random admixtures of all basis states
as in the random-matrix approach. 43 Johnson et al. took the full two-'_ _,dy
meson-exchange potential as the PV symmetry-breaking interaction. 27
Using the fact that the trace of an operator is independent of representation,
Johnson et al. were able to simplify the calculation of the strength function
of the meson-exchange interaction. The calculations showed the following:
only the isovector r_ coupling, Fr_, and the isoscalar p coupling, Fp, play a
significant role in determining M2, and the value of the strength function is
dominated by the one-body part of the two-body meson-exchange
interaction.
Adelberger and Haxton 27 show that the one-body reduction of the
isovector rc and the isoscalar p meson-exchange interactions are z z _. p
and t_. p, respectively. To a good approximation, r_exchange produces a
xz t_. p one-body interaction and p exchange produces a _. p interaction.
From experience with beta decay, 28 we know that most of the two-body
weak interaction can be represented as an effective one-body interaction. At
the present state of experimental accuracy in the study of the hadronic weak
interaction in nuclei, it is appropriate to use the one-body interactions
x z t_. p and _. p to correlate experimental data. The goal of experiment
and theory should be to over determine a set of one-body and/or mesonexchange interaction streLagths. These interaction strengths can be used to
predict the results of experiments on weak hadronic processes in nuclei.
Once the free hadronic
weak interaction
has been determined
experimentally, many-body theories relating the nuclear hadronic weak
interaction to the free hadronic interaction can be tested.
The strength function for the meson-exchange interaction is a bilinear
form in the couplings Fn and Fp. M 2 is obtained by evaluating the strength
function at E 1=E2=E_t.

M 2 = S(E_t,E_
9.
2n t)d = _xF2 + 27Fr_F p + _F 2P"
Johnson et al. found the cross term to be negligible. Figure 4 shows
constraints on Fn and FO using measured values of M2 (the doughnut shaped
region) and measurements of PV observable in light nuclei (the regions
bounded by straight lines). The theory, relating the observed asymmetry in
18F to F_ and Fp is constrained by measured quantities such as lifetimes and
beta decay rates, and therefore the constraint from the 18F measurement
should be given more credence than the others, which are based on ab initio
calculations. Together, the 18F and M 2 measurements constrain Fro ~ 0.0
and Fp -- 0.5. The matrix element between s and p single-particle
configurations is then calculated to be (slVpv [p ) ~ 1 eV.
The doorway model of the nuclear PV interaction was developed by
Auerbach. 29, 30 Auerbach's treatment is similar in spirit to his earlier work
on the doorway model of isospin mixing of the isobaric analog state. 31
Auerbach assumes a one-body form, h 0 ¢_. p or hl a:z ¢_" P, for the PV
interaction. The matrix element of the PV interaction can be written as"
(vlVpvl_t) = _ (vlm)(m[Vpv 1_),
10.
m
where the sum is over a complete set of states. The doorway approximation
is to replace the complete set with a single configuration, the "doorway"
state. For Coulomb mixing into the isobaric analog state, the doorway is the
0+ isovector-monopole resonance and for parity mixing, the doorways are
the isoscalar and isovector 0- spin-flip dipole states built on the state I_t).
The doorway state for the ¢_.p interaction (the expression for "cz _. p is
similar), iD), has a simple expression.
o. pit.t)

11.

iD) = (Ixi(o. p)2 ]_t)1/2 •
The expression for the matrix element then becomes:

(vlVvv I_t/= (vIO)(OlVpv L_t/=(riD/la0 (_tl(o. p)21_t/1/2.
Squaring

and averaging

both sides and inserting

expression for (rID) 2 yields:

12.
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<vlVpvl_>2
_

rd

h2

22, 27

<_1((_.
P)2 I_t>•

13.

2_[(ED- Ev)2+ F2/4]
The matrix element can be estimated by replacing the CN state with the
ground state. Recall that EI.t-Ev.

M2=(vlVpvl )Z=

rd

E(fWpvIGS) 2,

14.

where the sum extends over states, If), that can be reached by 1-h0_
transitions.
Comparison of equations 14 and 7 serves to sharpen the
definitions of q, the number of participating configurations, and (V PV ), the
typical value of a single-particle matrix element of V PV.
E(f_pvlGS)
lho3

2 =q(VPV )z '

15.

Equation 14 shows that the collectivity of the doorway state plays a role
in determining the root-mean-squared matrix element of the PV interaction
between CN states. The situation is similar to the role played by the giant
dipole resonance in depleting the strength of E1 transitions between lowlying nuclear states. A strong repulsive residual interaction, like that of the
giant dipole resonance, will lead to large ED and to small matrix elements.
An attractive or small residual interaction will lead to small ED and large
matrix elements. In order to apply these ideas it is necess_,ry to review our
knowledge about the degrees of collectivity and energies of the isovector
and isoscalar spin-flip dipole 0- resonances.
Although the conservation of parity in the strong interaction makes it
impossible to observe the 0- resonances with strongly interacting probes, a
considerable amount is known about the isovector spin-flip dipole state. The
1- and 2- resonances have been observed in the (p,n) reaction. 32 These
states are strongly excited and occur at energies near 2 ho_. Auerbach 33
has calculated the energies of the 0- as well as the 1- and 2- resonances using
the random phase approximation and a residual interaction fit to the GamowTeller resonance. In Auerbach's calculations, the 0- resonance has the
largest strength and occurs at the highest excitation energy. The degree of
collectivity of a set of related collective modes (examples of such sets are
the Gamow-Teller resonance and the 0-, 1- and 2- spin-flip dipole resonances
and the 0+, 1- and 2+ isovector resonances) can be expressed in terms of the
corresponding Landau-Migdal parameter.
A large positive (negative)
Landau-Migdal parameter gives a repulsive (attractive) residual interaction
and an excitation energy higher (lower) than in the absence of a residual
interaction. The isovector spin-flip Landau-Migdal parameter needed to fit

the excitation

energies of the 1- and 2- spin-flip dipole resonances is

g_ = 1.0. 32 Kamerdzhiev et al.. 34 have determined g_ from fits to
isovector M1 excitations. They find g_ = 0.96. All the above evidence
indicates that the 0- isovector spin-flip dipole resonance is collective and
occurs at an energy near 2 he0.
There has been no convincing experimental observation of any isoscalar
spin-flip resonance. Kamerdzhiev et al. 34 have determined the isoscalar
spin-flip Landau-Migdal parameter, go, from fits to isoscalar M1
excitations. They find go = -0.05, giving a weakly attractive residual
interaction. Based on this value of go, one would expect the 0-isoscalar
spin-flip dipole resonance to occur at an energy near 1 ho_. According to
equation 14, the contribution of the isovector doorway to M will be reduced
and the contribution of the isoscalar doorway will be slightly enhanced. In
any case, the 18F measurement constrains Fn and the coefficient of the
"cz _. p one-body PV interaction to be small. It is therefore to be expected
that the value of M is determined by the strength of p exchange, Fp, or by
the size of the isoscalar one-body interaction, _. p. Using equation 14, one
can determine a value of the single-particle matrix element (V PV }. Using
ED- Ev = hr.0= 7 MeV, F = 3 MeV, d = 17 eV, q = 100, and M = 1 meV
yields (V PV ) = 0.2 eV
The theory of M2 seems to have no major problems. The values of
(V PV ) determined from data by using the model of Johnson et al. 22,1.0
eV, and using the doorway model, 0.2 eV, are in rough agreement, and agree
with the expectations of theories of the hadronic weak interaction. 36 The
doorway model teaches us that collective excitations based on the operators
that are the one-body reductions of the PV interaction can considerably
modify the relationship between M2 and the coupling strengths of the weak
nucleon interaction in the nucleus. Presumably, deformation also plays a role
since the spin-dipole states involve mass flow. The 1- isovector resonance is
known to be split into two components in deformed nuclei. 41 In order to
develop a satisfactory theory relating M2 to coupling strengths it will be
necessary to bring together the statistical and collective aspects of nuclear
dynamics. 40 In our opinion, this may be best accomplished within the

framework of the French approach. Model residual interactions leading to
spin-flip dipole collective excitations and deformation could be included in
the nuclear Hamiltonian. It will also be necessary to consider strength
functions other than bivariant Gaussian functions, since the strength
functions of resonance excitations are known to behave more like Lorentzian
functions than Gaussian functions• 42
4.

Theories of the Constant Asymmetry.

As discussed in section 2, the non-zero average value of asymmetries
measured for 232Th came as a surprise. Since The theory of the constant
asymmetry is discussed in the paper of Mikkel Johnson, 35 only a brief
account of the subject will be given here. Equation 1 expresses the PV
asymmetry as a ratio involving three matrix elements: Vij, gj, and gi.
Bowman, Garvey, Gould, Hayes, and Johnson 17 showed that Vij was
correlated to the ratio gi/gj and the energy denominator Ei - Ej. The decay
amplitudes are written as:
gJ =gP(jIG

+ P)

16.

gi=gS(ilG+s)
,
where gSand gP are the decay amplitudes of s and p single particles coupled
to the target ground state, G. The CN states are correspondingly
decomposed:
IJ) = [G + p)(G+ PIJ)+lJ'>
17.
li) = IG+ s)(G + sli)+ li') •
The constant asymmetry, B, originates from the single-particle parts of the
states and the fluctuating asymmetry from the primed parts.
B l_e_.V gS (jIG + s)(G + slVpvlG + p)(G + pli) (G + slj ) _
Ei = 2g "F_"
Ei - Ej
(iIG + p) J

gS

(jIG+ s) 2(G

2gp_.--xT'
J

+ sIVpv[G

18.

+ p)

Ei -Ej

The probability (G + slj) 2 is concentrated in two peaks located h03 above
and below Ei. The sum is evaluated by closure yielding:

lefSV gsIc+slVpvlC;
+p) .

B./=4
_/ Ei

g-It

19.

ht.o

Using the value of the average asymmetry

from section 2, Px/-Ed =

145 eV%, d=17 eV, and h_ = 7 MeV yields (G + s]VpvlG + p) = 500 eV.
This value of the single-particle matrix element is more than 100 times
larger than the values of the single-particle matrix element estimated above
from experimental vales of M, 0.2-1.0 eV. It is also 100--1000 times larger
than would be estimated from the strength of the weak hadronic interaction,
GFk 2. 36 Several other approaches have been used to relate the strength of
the weak interaction to the observed size of the constant asymmetry.
Koonin, Johnson, and Vogel 37 use an optical model approach; Lewenkopf
and WeidenmUller 38 use formal reaction theory; and Auerbach and
Bowman 39 use the doorway model. All find the strength of the weak
interaction to be 100--1000 times larger than expected.
5.

Conclusions, Unresolved Questions, and Outlook.

Since the first of these workshops in 1987, there have been more
experimental and theoretical developments in the study of parity violation in
the compound nucleus than even the most optimistic of us would have
predicted. At that time, parity-violating asymmetries were thought to give
only qualitative information because of the extremely complex nature of the
wave functions of compound-nuclear states. The chaotic nature of the
compound nucleus leads to large level densities, which amplify the size of
symmetry-violating wave-function admixtures. Large symmetry-breaking
admixtures lead in turn to easily observable effects. The price was thought
to be that observed effects could not be quantitatively interpreted. New
parity-violating longitudinal asymmetries have been observed in a number of
nuclei. Experimental techniques, developed by the TRIPLE collaboration
working at Los Alamos, have allowed many asymmetries to be measured in
a single nucleus. New data have led us to think in new ways. Statistical
techniques have been developed that allow the mean-squared matrix element
of the parity-violating interaction to be extracted from asymmetry data in a
model-independent way.
In response to the availability of experimental values for mean-squared
matrix elements of the parity-violating interaction, theoretical techniques

based on the statistical model of the compound nucleus are being developed.
These theories relate the mean-squared matrix element to the strength of the
parity-violating hadronic weak interaction in the nuclear medium. These
techniques do not require detailed knowledge of the wave function of
compound-nuclear states. The mean-squared matrix element is directly
related to symmetry breaking couplings using the statistical model of the
compound nucleus. The statistical nature of the compound nucleus enables
not only the observation of large effects, but also their interpretation. The
comparison of different theories give insight into how to refine the theories
and develop a satisfactory theory of the mean-squared matrix element. In
particular the doorway model shows the importance of collectivity and
deformation as well as the role of the tails of strength functions. It will be
interesting to measure the strength function of the weak interaction as a
function of target mass. Systematic measurements will provide a body of
data to test theories of symmetry-breaking in the compound nucleus and
determine the effective isoscalar p meson-nucleon coupling in the nuclear
medium or equivalently the isoscalar one-body weak potential
New data has brought new problems. The unexpected observation that
parity-violating asymmetries in 232Th have a common sign has yet to be
satisfactorily
explained.
Several possible explanations exist:
the
measurements are wrong, the strength of the parity violating interaction in
the compound nucleus is 100-1000 times larger than expected, there is some
aspect of the reaction mechanism leading to the formation and decay of
compound nuclear states that has been overlooked, or there is some aspect of
the structure of compound-nuclear states that has been overlooked. It will
not be possible to decide between these explanations without more
experimental data. Among the questions to be answered are: Is there a
general tendency of asymmetries to have a common sign (indicating that it is
a feature of the weak interaction) or is the tendency particular to 232Th,
(indicating that it is due to nuclear structure)? If the tendency is general,
how does the size of the constant asymmetry depend on target mass? How
can we understand the constant asymmetry? After the nature of the constant
asymmetry is understood, we may be able to use this knowledge to
understand better either the weak interaction or the compound nucleus.
Several papers in these proceedings describe the development of new
detectors and a polarized neutron beam that will provide such data. The

TRIPLE collaboration looks forward to providing these new data after our
summer 1993 run.
Acknowledgments:
This work was supported in part by the U. S. Department of Energy, Office
of High Energy and Nuclear Physics, under grants No. DE-FG05-88ER40441 and No. DE-FG05-91-ER40619 and by the U. S. Department of
Energy, Office of Energy Research, under ContractNo. W-7405-ENG-36.
References:
1.

N.R. Roberson, C. D. Bowman, J. D. Bowman, P. P. Delheij, C. M.
Frankle, C. R. Gould, D. G. Haase, J. N. Knudson, G. E. Mitchell, R. N.
Mortensen, S. Penttil_i, H. Postma, S. J. Seestrom, J. J. Szymanski, S. A.
Wender, S. H. Yoo, V. W. Yuan, and X. Zhu, Nucl. Instrum. Methods
A326, 549 (1993).
2. S.I. Penttil_i, J. D. Bowman, P. P. J. Delheij, C. M. Frankle, D. G.
Haase, R. Mortensen, H. Postma, S. J. Seestrom, and Yi-Fen Yen, these
proceedings.
3. V.P. Alfimenkov et al., Nucl. Phys. A398, 93 (1983).
4. J.R. Vanhoy et al., Z. Phys. A333, 229 (1988).
5. V.E. Bunakov and V. P. Gudkov, Nucl. Phys. A401, 93 (1983).
6. V.P. Alfimenkov, S. B. Borzakov, Vo Van Thuan, Yu. D. Mareev,
L. B. Pikelner, A. S. Khrykin, and E. I. Sharapov, Nucl. Phys. A398, 93
(1983).
7. S.A. Biryukov, L. N. Bondarenko, S. V. Zhukov, Yu. V. Zakharov,
V. M. Zykov, V. L. Kuznetsov, P. V. Malankin, V. I. Mostovoi, A. A.
Osochnikov, S. P. Pugachev, V. I. Raitsis, and A. N. Chemvi, Yad. Fiz.
45, 1511 (1987).
8. Y. Masuda, T. Adachi, A. Masaike, and K Morimoto, Nucl. Phys.
A504, 269 (1989).
9. V.W. Yuan, C. D. Bowman, J. D. Bowman, J. E. Bush, P. P. J. Delheij,
C. M. Frankle, C. R. Gould, D. G. Haase, J. N. Knudson, G. E.
Mitchell, S. Penttil_i, H. Postma, N. R. Roberson, S. J. Seestrom, J. J.
Szymanski, and X. Zhu, Phys. Rev. C44, 2187 (1991).
10. J.D. Bowman, C. D. Bowman, J. E. Bush, P. P. Delheij, C. M. Frankle,
C. R. Gould, D. G. Haase, J. N. Knudson, G. E. Mitchell, S. Penttil/a, H.

11.

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
2 9.
30.
31.
32.
33.
34.

Postma, N. R. Roberson, S. J. Seestrom, J. J. Szymanski, V. W. Yuan,
and X. Zhu, Phys. Rev. Lett. 65, 1192 (1990).
C. M. Frankle, J. D. Bowman, J. E. Bush, P. P. Delheij, C. R. Gould,
D. G. Haase, J. N. Knudson, G. E. Mitchell, S. Penttilti, H. Postma, N.
R. Roberson, S. J. Seestrom, J. J. Szymanski, S. H. Yoo, V_W. Yuan,
and X. Zhu, Phys. Rev. Lett. 67, 564 (1991).
V. P. Alfimenkov, Yu. D. Mareev, L. B. Pikelner, V. R. Skoy, and
V. N. Shvetsov, Yad. Fiz. 54, 1489 _,1991).
V.E. Bunakov, E. D. Davis, and H. A. Weidenmtiller, Phys. Rev. C42,
1718 (1990).
D. Bowman and E. I. Sharapov, these proceedings.
V.E. Bunakov, these proceedings.
F. Corvi, these proceedings.
J. D. Bowman, G. T. Garvey, C. R. Gould, A. C. Hayes, and M. B.
Johnson. Phys. Rev. Lett. 68, 780 (1992).
D. F. Zaretsky, these proceedings.
V. V. Flambaum, these proceedings.
N. Auerbach, these proceedings.
V. V. Flambaurn and O. P. Sushkov, Nucl. Phys. A412, 13 (1984).
M. B. Johnson, J. D. Bowman, and S. H. Yoo, Phys. Rev. Lett. 67,
310 (1991).
N. Auerbach, Phys. Rev. C45, R514 (1992).
A. Bohr and B. Mottelson, Nuclear Structure, Vol. 1, Benjamin,
New York, 1969.
J. B. French, V. K. B. Kott, A. Pandy, and S. Tomsovic, Ann. Phys.
(N.Y.) 181,260 (1988).
S. Tomsovic, these proceedings.
E. G. Adelberger and W. C. Haxton, Ann. Rev. Nucl. Par. Sci. 3 5,
501 (1985).
D. Kurath and W. Teeters, Phys. Lett. IO1B, 5 (1981).
N. Auerbach, Phys. Rev. C45, R514 (1992).
N. Auerbach, these proceedings.
N. Auerbach, Physics Reports 98, 273 (1983).
D.J. Horen, C. D. Goodman et al., Phys Lett. 99B, 383 (1981) and C.
Garde et al., Nucl. Phys. A369, 258 (1981).
N. Auerbach and Amir Klein, Phys. Rev C30, 1032 (1984).
S. Kamerdzhiev, J. Speth, G. Tertychny, and J. Wambach, unpublished,
Jtllich preprint KFA-IKP(TH)-1993-07.

35. M.B. Johnson, these proceedings.
36. B. Deplanques, J. F. Donoghue, and B. R. Holstein, Ann. Phys. (N.Y.)
124, 449 (1980).
37. S.E. Koonin, C. W. Johnson, and P_ Vogel, Phys. Rev. Lett. 69, 1163
(1992).
38. C. H. Lewenkopf and H. A. Weidenmtiller, Phys. Rev. C46, 2601
(1992).
39. N. Auerbach and J. D. Bowman, Phys. Rev. C46, 2582 (1992).
40. J. D. Bowman, G. T. Garvey, M. B. Johnson, and G. E. Mitchell, Ann.
Rev. Nucl. Part. Sci. 43,829 (1993).
41. E.G. Fuller and M. Weiss, Phys. Rev. 112, 560 (1958).
42. S.C. Fultz, R. L. Bramblett, J. T. Caldwell, and N. A. Kerr, Phys. Rev.
127, 1273 (1962).
43. David Davis, these proceedings.
44. Yi-Fen Yen, J. D. Bowman, Y. Matsuda, S. I. Penttil_i, S. S. Seestrom,
H. M. Shimizu, R. W. Strickland, S. Takahashi, S. H. Yoo, and V. W.
Yuan, these proceedings.

II

