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MODEL-SPACE APPROACH TO PARITY VIOLATION IN
HEAVY NUCLEI

MIKREL B. JOHNSOQN®

Los Alamos Nationnal Laboratory, [o Alamos. NM 37535, 'Sy

The motlel-~pace approach is the basin of buth shell modsl and stacistival sper-
trowcupy Analyses of nuclear phenomena. The goal of this ~ession is 1o Lring out
the main theoretical issues involved in its application 1o parity viulation in the
vompound nucleus. Section 1 .of the current paper sets the stage for the veion.
and Sect. 2 inteoducr s and sxplores the mudel-space formulation as it underlies
quantitative connections that are being made between the mean-square matrix vle-
ment M? messured in polarized neutron scattering from compuound nuclei and the
underlying parity violating interaction. This is [ollowed in the paper by Tumsovic
by a description uf huw statistical spectroscopy is applied to this problem, and in
the paper by Hayes by a discussion of shell-mudel aspects of parity violation un the
cumpound nucleus.

1 Introduction to Session

The use of polarized neutron scattering from compound nuclei for empirical
studies of parity violation has well-known advantages. The large parity violat-
ing signal was first obtained in Ref.! in measurements of the longitudinal spin
asymmetry P, ,

P' — ”‘v(—) - ﬂy(—)

T e =) +o =) 3%

where o, (—) is the total cross section for nentrons polarized parallel to their
momenta to scatter from a p-wave compound nuclear (CN) resonances |v >
at £ = E,. It has been understood for a long time how a magnification of
a factor of about 10° can arise from the the chaotic hehavior of compound-
nuclear resonances when the measurements are performed on low-lying p-wave
resonances >3,

Recently, there have been important developments on the experimental
side to exploit the large magnification in such reactions. The TRIPLE collab-
oration*® used the intense neutron beam nt the LAMPF/LANSCE facility to
measire P, on ensembles of p-wave resonances in the same nucleus. making it
possible to extract the mean value )/2,

M = <pl VPV 5T, (2)

where 'PY s the parity violating interaction in the nucleus. using statistical
averaging and known properties of the (‘N resonances. The average in Eq. (2)
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ceenies s ver A mher FON St nreew eneray winelw Mking whvan-
taae - the laree ux o Fepithe-rmal nearecus avniabde ar shas faalies, TRIPLE
tensured five CN pesonaness in =0 i Btotawd T =Y THE m 1] Sinee
then. imprvements in the methods have snabile-d TRIPLE to measure - nsem-
bles in the mass LU0 region and to areatly inersase the statistical acenraey of
the earlier measurements in the region of mass .4 ~ 230, Orher measurements
are planned for the future. including the mier<ting case of **"Sn. which has
only active neurrons suggesting he pomsibility of separately derernining the
parity-violating intecaction aunong neureons in this nuelens.

Theoretically. the primary objective i to determune smpirically the an-
derlyving fres-space parity-violating interaction team the measueements of A=
in nuclei. It is advanrageous that the C'N states W > an which the ne-ware-
ment of P, is made are situated a chaotic regime of the nucleus. 1.e.. that the
amplitudes of the principle independent-particle model configurationa -» > are
‘lescribed by (Gaussian-distributed random variables. This suggests that M* in
proportional to the average of (17'"? over a large number N of independent-
varticle model configurations”.

» Il VPV

\/ 3

(B
This makes the unfolding of the nuclear srructure and rhe VPV in Eq. 1)
a qualitatively Jifferent procedure from that familiar in shell-model analysex
of matrix elements between specific nuclear states. where nne is expected to
he much inore sensitive to phases and specific admixture components of the
miclear eigensiates. One expects that the extraction of V'Y frum data o
he a more robust procedure for M?. since one is only interested in an overall
scale that is determined by the average squared matrix element of the parity-
violating interaction.

Two theoretical questions that need to he answered in order to accomplish
the primary theoretical objective are (1) how does one determine the (effective)
PV interaction V'Y in nuclei if one is given the free-space PV interaction and
i2) how does one determine M2 from V' ¥Y'7 Various answers to these questions
have been given. and a major goal of this session is to assess theoreticallv the
status of the answers. The former issue is considered in the talk hy Johnson
and the latter in the talk by Tomsovic. Of coumn, the experimentnl data on
the N. Z. and A rlependence of 1/? mentinned above will supply information
for a complementary empirical assesament.

Tomsovic will diccuss statistical spectroscopy *: he, along with Frer h and
rollaborators. applied this method to the problem of time reversal symme-
try The same method was later applied to parity-violation in the componnd
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Figure 1: ( cnstraints on F- and F; impused by ~xperiments in light nuclei and neution-
resonance scattering (ellipse).

nucleus L, ohnson. Bowman. and Yoo"” under the assumption that the (‘N
states are siatistical aumixtures of plane-wave states characteristic of nuclear
matter. The result of this very straightforward calculation is shown in Fig. 1
and indicates that the constraints on the main coupling corstants Fy and Fy
of V'PY obtained from the analysis of the ('N resonances (ellipse) agress to
within a factor of two or so with those obtained earlier from the analysis of
various data in light nuclei.

Let me briefly mention an alternative method to statistical spectroscopy:
namely. that of Flambaum and Vurov®. They average (V'FV')? over principle
vomponents of many-hody wave functions within a spreading width to get A/2.
I'he (lifferences hetwren the approaches is the following. French and Tomso-
vie use the central limit theorem to establish a bivariate (;aussian/partitioned
form for strength functions. They determine the properties of the bivariate
(iaussians from moments of the Hamiltonian and VY. On the nther hand.
Vorov and Flambaum introduce two main parameters in their averaging pro-
cedure, the number of principle components making up the ('N wave function
N and the spreading width I'. which they take directly from experiment.

An attractive point about the French and Tomsovie approach is that s



formmlated in 2 v-hs ineded space of very e dinenseen. waking 11 pe~sil 1
develegs ar least 2 foemal conneetion o e pnelear shedll nesb N e feaves ¢
i conteast 1o the usual sitnation o which the shell med=d s applial. e
Qi corpespemeling musdel spaces for the CN ape foas large v et g exnes
Jiamensdizate ot the steong interacnon Hamnltoman . Statisnesl speeteose -
provides, cif ctively, an alternative 1o the step of diagonthzing a Hamulvaan
matrix in such spaces,

Because of the underlying roneeptual connertion betwsen the sheil ned-l
and the scatistical formmulations. a frnitful dialog ketwesn the rspernve woan-
munities should “.» possible. and Hayes in her talk will epen ap <uch a Jdisens
~ion from the shell-modelists perspecrive that will hopefully lead 10 a deeper
understanding of the undeclying issuesw and a more general ronflilence 1n the
atatistical methods that will be needed 10 improve the constraints on 1P
from measurements of M2,

2 The Model-Space Approach

Iu the model-space approach. one hegins hy choosing a finite net of single-
particle orbitals 1o wpan the model space in which the valence nuclrons nmove,
The valence nucleons are those that lie onrside a conveniently chosen ~rore™.
For Uranium and Thorium. 2™ Pb forms a naturnl core: although the nucleons
in the core are completely passive from the point of view of the nuclear model-
space wave function. they iic play an important role in the [lynamics. Effective
interaction theory develope1 20 years ago (sce for rxample Ref. ) is A proce-
tlure for calculating the strony-interaction Hamiltonian and effective operatom
appropriate to the model space [rom their underlying free-space rounterparts.
The methods of effective interaction theory provide a book keeping scheme for
writing down terms that contribute and for making calculations. One mny
think of V"P¥ au one of the effective operators. in which case \"PY has a oue-
hody part, which expresses the PV influence of the core nucleons on a valence
nucleon. and a two-hody part. which expresses the PV influence of one valence
nucleon on another valence nucleon. Each of these has n definite relationship
to the V'PY in free space. given by the theory of Ref.”, for example.

One may wonder why, in view of the introdurtory comments. such sophis-
tinted techniques might be nemied for the problem of relating M2 ard VPV
Il i» necessary to men.ion a bit of history to andw r thin. In the original calcu-
lation of Johnson, Bowman. and Yoo” (Fig. 1). we see that the values of the
prrameters are about the same as those needed 10 explain PV in light nuclei.
Johnson. Bowman, and Yoo found in their nuclear matter approach that the
rewult arises mainly from the one-body part of the parity violating interaction.
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e auentam and oppesite pariry. A Large wtershell wixing meoe comelaced Py
eodle v Bechianaor such s vibrations and deformateam, Sach o rse nuxe
was obtamed w calendarions of Aorbach * within the doooway e ol T aned i
the approach of Flambaum and Vorew ™ whien they mixed <hells perrare aneg

\Morpared by an ainters~t i nonproving the prediction of Fre. L Bowe
wan and 5 went hack o examine the Flanbaam-Veorov and te Aueri-on
wrrks within The amewnrk of «tfeetive teraction thes sy o Rl T g
this we hal to abandon rhe nuclear matter approach aud work within 1 n0-
ho <hell-model space. We came 1o the cunclusion thar the caleulations of
Auerbach; Flambaum-Vorov uverestimared the intershell PV nixing.

In the absence of other merhanisms ro ae “ymplish the mixing (leformarnion
may actually supply one). the entire M/? would have to come from the fres
two-hody piece of VPV This means that the culeulation now becomes more
wnmplicated, and the ellipse in Fig. 1 is sur * » grow . But. will it grow too
much? This remains to he seen in detailed calculations. which will have ro
accomorlate nuclear models and which are now in progress i2

To summmarize. | would #a¥ rhat thers is now reason to apen more broadly
the Jdebate of how nuch intershell 1-he mixing occurs in the compound-nuclear
vigenstates [n the next two <ubwections | discuss two important aspects of
the discussion. The first (Sect. 2.1y will be an attempt to express the iwue
of intershell mixing in a toy problem. to which shell model and statistical
spertroscopy niethods may both be applied and thus perhaps lead ro ronunon
understanding. The second (Sect 2.2) will revisit :he Auerbach/Flambaum-
Vorov models of mixing, explaining how it was cast into the language of the
model-space approach and how this led to the ronclusion of reduced intershell
mixing with these mechanisms.

31 Shell-Model Teats of Intershell Miring

The possibility exists of using the effective interaction theory to test th+ effee-
tiveness of statistical spectroaccpy using an appropriately chosen toy problem.
The point is that one would like to gain rxperience applying statistical spec-
troscopy 1o casen where intershell nuxing is of crucial importance, as it is for
parity violation. [ will discuss two teats.

Imagine a model space ronsisting of a shell composed of nearly degenerate
single-particle states of odd parity. say. To miake the situation analogous tu
a heavy nucleus, we embed an intruder state of positive parity and angular



menEntum gz, gp=r 2. wend e~ Inthe-tirer * & pr Hlem this o-5a o -
s inaamed v b the full Hiibert <p e <o thea o e e enedizane s froan <o
etf-ctive mit=ractien thewry are -l 1. a0 the wffertine atropg snteraer:
il the effernive PV interwrinan. I i PV imteraeten which woe vakes for =6 1a
vy prckdem v bue priaedy tweclondy nopature, mas sone weanishima moarex
elments s space, then V7Y will make 2 weasamshing = atebatgen 1o M-
This is the 1y = of situation boe which soatisread speeste weopy was et ol
thus the sheli model and cravstieal spectp acopy shonbd both edege niently
I v the same- value fur ME . that the theory weand thus pass e 1
proovidel hy rhis fest toy peobl-m.

Let us nuow consider a secuond 1y preblem. e of perhaps arsater inrer-
1. We will add two elements: a second =h-ll. and rike the underlying PV
interaction to have hoth a one~ and a two-holy pirer. \Wo shall keep the fire
shell the same ns it was in the firt 1oy problem, but suppose that none ~f
the «uid parity states in the first shell hzs the same antular momentum as the
intzuder state jyi+) >. o rhat when the Hamiltonian is liagonalized in the
model space and M ? calvulated arcording 10 .2y, the one-hady piece of the
PV interaction would not contribute.

Suppose the second shell convists of prsntive parity states separated by AEF
from the first: these rwo shells constitute the full space for this toy problen.
" Let us further supposs that the second shell contmins a state Sjyi+) >, where
total angular momentum j, happens to be the ame as that of one nf the
negative parity states in the lower shell. such that the ..ne-body part of VPV
has & non-vanishing intershell matrix element < jy(+)1VPY Liy(=) >.

The task for the shell model is to Jdiagonalize the sirong interaction nu-
merically in the -ombined space of the two shells and calculate \f? according
10 Eq. (2) (it w important to remember that the averaging is tlone over a frw
exact eigenstates in the low-lying region of the spectrum). Now, from the way
we have set up the spaces, M? will have a non-vanishing pier: coming from
the une-body as weil as the two-hody pieces of VPV,

How do we calculate /2 usiny statistical spectroscopy? Statmtical spee-
1roscopy Applies. by assumpion. only in the lower (U-Au) shell. We will have
use »ffective interaction theory to calculate both the renormalized strong ansl
PV interactions in this shell. as they arse from the influence of the shell wep-
arated by AE. We may then apply statistical spectroacopy in the U-Au shell
with the renormalized interactions to evaluate a value for M?. The behavior
of the matrix element of the one-budy part s uf particular interest. since it
contributes only by virtue of intershell mixing.

What are our expectations” If AE iy sulficiently lurge. a perturbative
calculation of the renormalization ( Flambaum and Vorov enlculated one of

4
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Aserhach = | for exampler As ! ma 12 a ueslel can P eaer re; the lasnae-
o€ emertive interaction theory. it can be tested i this ~simpde toy jreblemecr o
strughtforwand extersion of ity and crivenia can he developed for whar ranaes
of AE it woulil b= applicabie,

Fiaally. L+t me mention a technieal seue thar canses a lor of probem in rhs
~hell-modal. the 1saue of spurious » enter of mass inarion. In the problem rhat
[ have projpesed, the spurious center of mass mer™ 2 1s present equally in Lieoth
cases and wonll not necessarily invalidate the r-st. However. one wiould ik
tu oy realistic caleulations without contanunation Ly spuricus c-nter of mas-
metion, and hopefully one ran devie =floctive waye 1o project out ar nununize
th= wtershell nuxing Jue to spurious motion in a toy problem.

2.2 The Doorway Mecchanism

Now, let me discuss why our calculation *! of the Auerbach/Flambaum-\Vorov
merchanisms gave much smaller results than originally iound by the authors of
this work. Bowman and I first wrote down. uung the book keeping language of
Ref. (the language of folded diagrams). the renormalization of the two-hndy
part of the effective 1"PY" that corresponded to the 0~ spin ipole doorway
~tate contributio of Auerbach:” aud the perturbative term of Flambaum and
Vorov ®. These two pieces were seen to be, n fact. yuite closely related using
the many-body language: in the doorway approach. the doorway state couples
the one-body piece of the PV interaction. through particle-hole excitations
enupled to U, into the two-body piece of the effective PV interaction. The
perturbative term® represents the lrading term of ihe sequence: see Ref.}* for
details. When we put these terms together and evaluated them consistently.
the net contribution got very small!

\We !! represented the 0~ vibrations (an isovictor nnd an isoscalar) in the
Tam-Dancoff approximation (TDA). fixing the energy of these states empiri-
cally. We coupled this TDA phonon into the valence space with a two-body
residual effective interaction of the Landau-Migdal type: the TDA phonon
starts out as a vibration of the core induced by the one-body PV interaction.
Important to ubtaining our small result was the implication of experimental
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11 The relevanr doorway in the rencrmalized 1wo-taody mteracnon is the
1sovertor 7 twhich tenormalizes the pron ex-hange ~mponents of VPY L This
13 hecause of the presence of an anticommutator™ of the vne-bady PV inter-
artion with rthe residual strong interaction. which greatly suppresses rhe coun-
pling to the isoscalar U~ spin dipole resonance and which was net ronsidered
m Ref. "',

12) The sovector U~ resnnance is the mode that weuld hecome unxtable
in pron rondensation.

t3) Many empirical searches and theoretical studies have been undertaken
for pion condensation precursor effects. All have heen negative. suggesting that
attraction (from tensor forces) cannot compete against the central interaction
that gives a large repulsion .

(4) As an example of (3). the latest experiments at Los Alamos '3, namely
{p.n) measurements on i°Ca (at q ~ 2 fm~'. smali . ). of the ratio of the
spin-longitudinal/spin-tr=nsverse response function. found little evidence for
nn attraction in the spin-longitudinal -'.annels.

The net effect of the above considerations is that the renormalization from the
Auerbach/Flambaum-Vorov mechanisn:s is much suppressed. so that the large
intershell mixing needed to give the results in Fig. 1 is missing from the theory
at present.

The close connection between the 0~ resonances and the effective PV inter-
action depends quite closely on our using the TDA phonons and the assumption
that these couple back into the model space with the Landau-Migdal inter-
action. Subtle dynamical considcrations arise when one tries to justify this
assumption, so it is probably useful emphasize out that the A-dependence of
the new TRIPLE data could give an empirical means to distinguish alternative
models, given that the A-dependence of the theory can be quite strong®.
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of statistical averaping <schetmes Such tests of the model-<pace 1pproach as a
1oy problem should enadle ane ronvesngare imtershell smixang, which apgoees
1 be the key 10 undeesranding the «xtent of panty viclation in M-

Teats along the lines of 12) above have not yet hesn malde. and Jdoine so
wonld he instructive as a m=ans to tewt and confirm asserticns an:l »xpecrations
about the mernits and apphicahility of methuds of the shell model and ~tat:~ri~al
theary, 10 the problem of parity violation in hight and heavy nucler
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