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ABSTRACT

We eatimate the deformation effect cross sections for nsutren resonances in aligned
19940, and estimste the sensitivity of a five-fold correlation time reversal test
carried out oo s resonance that exhibits a deformation effect.

1. Introduction

Neutron transmission tests of time reversa! iuvariance were proposed by a numx.-
ber of authors in the early 1980's'. The experiments are technically challenging
because they require not only a polarized neutren beam, but also a polarized or
aligned nuclear target. Nevertheless they have attracted considerabie attention be
cause of the large enhancements in sengitivity associated with compound auclear
resonances.

In 1968, Bunakov? proposed a test of parity (P) even titue reversal (T) violatior.
in the nrighborhood of two intecfering p wave resonances of the same spin. A similar
enhancement exdats if a d-wave and s-wave resonsnce interfere?. Until now, however,
no suitable resonances have been located in nuclei which can be aligned, and the
oLiy tests of time reversal violation in neutron transmission have been carried out
with MeV-energy neutrons*®,

In this paper we discuss how to use the deforination effect to identify resonances
suitable for testing time reversal violation in the five-fold correlation. We focus
specifically on polarized neutron tranmninaion through aligned '*3Ho. In addition
we catiruate the nenaitivity of the tes! 1o ar, the ratio of the T-odd 1o T-even parts
of the effect.ve nuclecn micleon interaction.®

2. Five-Fold Corrclation aud Deformation Effect

The fve fold corre'ation (FC) test involves sewmrching for a P-even, T-odd term



in the neutron-nucleus forward scattering amplitude of the form fri'- (I- X l?) I-E
Here i the neutron spin, F is the neutron momentum and Fis the nuclear spin. The
FC term only arises if the beam is polarized and the target is aligned. An aligned
target will also have a P-cven, T-even term in the forward scattering amplitude of
the form fp (I F)?, known as the deformation effect (DE). The DE will be present
for both polarisec and unpolarized neutron beams.

The FC and DE Ltave characteristic angular signatures, sin 2§ and P;(cos#)
respectively, where 8 is the angle between the beam direction and the alignment
axis. Searching for these angular signatures was the basis of the time reversal tess of
Ref. 8, carried out with a eryogenically aligned, rotating '**Ho single crystal target.

The FC and DE involve coupling the angular momentuin of the neutron beam
to the K = 2 rank of the orleated target. Neither effect will be observable on a pure
s-wave resonance. But if there is some d-wave sdmixture in an s-wave resonance, a
deformation effect can be seen. In addition, if this d-wave admixture can interfere
with a second nearby s-wave resonance, there will be sensitivity to time reversal
violation. Spin assignments are known for a number of s-wave resonances in !**Ho.
Locating a d-wave admixture in any s-wave resonance therefore immedietely opens
up the possibility of 8 sensitive time reversal test. A p-wave resonance can in
principle also exhibit a deformation effect, but no [ = 1 resonances have been seen
in 1% Ho, without which a time revessal test canr.ot be performed.

The large angular momentum barrier would appear to preclude the poesibulity
of seeing d-wave admixtures. But as we now discuss, the deformation effect is a very
sensitive probe of p- and d-wave neuiron partial width amplitudes. We ulso note
that the strong tecwor force mixes s-wave and d-wave amplitudes, ard can have 8
dramatic effect on low energy cross sections, enhancing for example, the D{d,a)y
capture croas section by orders of magnitude at encrgics of astrophysical interest’.

3. Deformation Effect In an Isolated Resonance

General expressions for 1he po.arized-beam, polarived-target crose section have
been given by Alfimenkov et ¢/, Barabanov®, and Gould et al?. Following tke no-
tation of Ref. 3, the total crose section can be written as a sum over the polarization
ranks k of the beam and K of the taxget:
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Here, txo(4) and i () are the statistical tensors describing the orientation f the
beam and target respectively, g is the spin statistical factor, Txua 18 & combi-
nation of angular momentum coupling factors and Ss(Ij — I'j') is the S-matrix
element describing the reaction. The deforrnation effect arises from the term oy;
corresponding to k = 0 and K = 2.

The angular momentum couplings are defined by J = [+ 3, J = 7+ 1. For
16 Ho, I® = 7/2” and 4-wave resonances have J* = 3§~ ,4~; p-wave resonances
have J* m 2+, 3t 4*, 5%, and d-wave regsonances have J* = 1~,..6~. For an
s-wave resonance with d-wave admixture, the deformation effect arises from terms
involving { =0, ' =2 and [ = 2, /' = 0. The ! = [' = 2 term will be negligible due
to penetrability effects. For a p-wave resonance the deformation effect is due to the
[=1 =1 term.

Neg.ecting potential scattering, the S-matrix element for an isclated resonance
is given by

i 1 = fig — 9ali)ey I(1'5')
S;(ij = 15') = bwéj; (E-E)) + 1,73 (3)

where gJ(1j) is the neutron partial width minplitude, and E; and I'y are the enecgy
and total width of the resonance of spin J. Subatituting equation 3 into equation 2,
we find the deformation effect cross section for an isolated resonance is:

coz(J") = xi’ff:o([) (E gj)lzf* r3/4('(J') (4)

The coeflicient C(J") is given by

cJ") = 4W(J§I2;I¥)a:.’(1§)9.{(13) (®)
~-2W(JR12,18) ¢J(13))

for [ = 1 and by

cuy - zzwmzzl)g,{(ox (2})

W2 1)ed (0 el 28 (6

for { == 0,2, where W ia the usual Racsh coefficient. The unpularized reaonance
cross section s given by

.- 1__ OJIJ \

To proceed we need eatimates of the unknown ne .IU‘OH amplitudea¢?(1;) These

are related to the neution widths via I‘,{(l]) - [ ,{(l; )] . We assume widths depend
omy on [, and estimate them from the strength functions S and level spacinga



D:. From the definition® (g;T) = (2! + 1)D;S), and taking Dy ~ D¢/(I + 1),
L. = [ VE(eV)!/?, Vi ~ (kR)¥, and g5 ~ 4, we find for *°Ho:

Tu( = 1.7x10"*E(eV)!/?
Ta(lml) = 23x107°E(eV)*2 (9)
| = 22x 10718 E(eV)8/3,

For | = 2, we agsume S3 ~ So in accordance with the giant resonance model. All
other parameters are from Ref. 7.

The deformation effect cross section, equation (4), also depends on the ratio
of the § = { £ 1/2 neutron amplitudes. We parametrize this unknown ratio via the
J-2pin mixing ratio

zj =gall g =1~ 1/2/L05) (10)

where -1 < z; < 1.

4. Cross Section Results

A recent high resolution study of 1**Ho at ORELA reveeled many new weak
neutron resonacces, the first two at energies of 24.8 and 75.1 eV!!, Figures 1
aad 2 show transmission spectra in the vicinity of ihese resonances. They mey be
candidates for a time reversal violation study if they exhibit a deformation effect.
The parameters of these resonances are listed in Table 1, along with the average
neutron widths derived from equations (9). The resonances are seen to be three
orders of megnitude weaker than average s-wave resonances, and more than one
order of magnitude stronger then average p-waves. A Bayesian analysis of the type
introduced by Bollinger and Thomaa'? indicates that with very high probability
both are s-wave resonances, but we consider hoth possibilities Zor the purposes of
est:mating dcformation effect crose sections from equation (4).

Figure 3 shows 0¢3 for the 24.8 eV resonance under the assurnption that it

is an s wave with the admixture of d-wave listed in Table ]. We take 239 = \/-.1-,

corresponding to 100% aligament along the beam direction (8 s 0*). Two J values
sic poseible, 3 and 4, and the ratio ‘047/0gg| ~ 107 for both possibilities.

Figure 4 shows 092 under the ass-uinption the resonance is 8 p wave. Four J
values are posnibie, but only J = 3 and ¢ can be formed by mixed ). Inu all cases
except J m 2, |doafdes| ~ 1. 'Thus, the deforination eflect 18 comparable to the
total crosy section. Clearly, dedormation effect measurements are in general able to
distinguish p-wave resonancea from s-wave resoneinices with d-wave admixturas.

The sinall deformation effect associated with the d-weve admixture can be
detected with a rotating aligned target and an unpolurized neutron beam. From
the P;(cor@) dependence, the effect changes sign geing from 0° to 90°, leading
to a 0° 90° tranamisaion asymmetry ¢ ~ nop; where n ls the target thickue-s
in atoma/b. The TUNL tatget corresponds to n - 0.06 atoma/b, leading to ¢



1 x 10~ for the 24.8¢V resonance. On resonance asymumetries of order ~ 10~¢ have
been achieved at LANSCE??,

The effect will likely be easier to seq in capture because of the absence of
potential acattering backgrouad. Capture measurements are well suited to studying
weak resonances and analysing power sccuracice of better than ~ 10=3 have already
been achieved at both LANSCE'* and KEK??.

5. Time Reversal Violation for s-d Mixing

If a 1%*Ho resonance shows a small but non-ze;o deformation effect, then it ia
in all probability an s-wave with d-wave admixture, and, as such, is immediately
suitable for a time reversal violation test with a polarized neutron bearn. The FC
cross section on top of a resonance is given by equation 5 11 of Ref. 3:

T d
0= -2x A Iloho Mn-T, + MIV1 "’2 E, - E‘ dr (01

where By is the energy of the resunance showing a deformation effect (presumed
weak), E, is the energy of a neighbaring s-wave resonance of the same J* (presumed
atrong), Ms anc M, are numerical factors of order wnity, W s |(s)H7|d)| is the
time reversal violating matrix element coupling the two resonances, 'Y and '’ are
the total neutron widths of the d-wave and neighboring s-wsve resonances, and
T'¢ is the total width of the d-wave resonance. For purposes of estimating 015 we
take W = 1 eV, and take parametera for nearby resonances from Ref. 7. For the
24 8 ¢V resopance these are the 18.2 eV, J = 3 resonance, and the 128 ¢V, J w ¢
resonance. These resonances are shown in figure 1 and the cross sections g;; are
shown in Agure 5. We fiad peak values of oy2(J = 3) ~ ¢13(J = ¢4) ~ 60 mb for
the 24.8 eV resonance. This would correspond to s t:me reversal vio.ating spin flip
asyminetry ¢ ~ noyy ~ 4 x 1075

In princple the time reversal experiment needa to be cartied out in trans-
mission with & ceutron spin analyzer! to avoid difficuliies [rom acquential T-even
interaction terms. However, the sequential terms that mimic time reversal violation
are all P-odd for the FC. If they can be shown by calculation or experiment to
Ye negligible (likely the case for a d-wave resonance), then a FC measurement of
a12 via capture is pcosible. Ae for the deformation effect search, this will be more
sersitive than a trianimission !neasurement because of the absence of a potential
acatiering background.

Previous experiments’? at LANSCE have nicanured parity violating longitudi-
nai analyzing powers P ~ 019/0e0 of order 10~*, and a measurement of o:1/aco
at the 167* level is certainly achievable. A ~ 107* bound on the analyzing puwes
would correspond to a bound ~ O 03eVon W. ronTr~ 2¢4W?/D ~ 2r10° 2 '
this implies a bound of 4 X 10 * on ar, the ratio of the T-odd to T-even parts of
tho N = N effective interaction. The pregsent Limital® are ~ 5 x 10 "4, so improve-
ment of une to two orders of magnitude is possible, pasticularly if enhanced 4 wave
admixtures vre located.



6. Summary

We have estimated deformation effect cross sections for neutron resonances
in an aligned 1%*Ho target. For p-wave resonances, the effects are large. For -
wave resonances with d-wave admixtures, the effects are much smaller, but are still
accessible to measurement, particularly in capture messurments of resonance total
cross sections. Locating & deformation efect opens up the possibility of a sensitive
test of time reversal violation.
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Figure 1: Transmission spectra of **Ho near the 24.8¢V resonance
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= 248 eV i51eV

Experiment (meV)

r, 88.4 70.0

gl 871 x107%  5.08 x 10°2
Average Widths (meV)

i~ 8.25 14.3

[im 285 %107  1.5x107
I 6.5 x 10-? 1.1 x 1077
Cross Sections (b)

oo 10.3 25.1

0o (s=d) 2x107? 8 x 102
om (p - p) 14 34

o1 (s~d) 6x107? 5 x 1077

.. T TR, CUTTTERER - Tl

Table 1: Resonance parameters, average widths, and peak cross sections oqo, 02 and
a1; for two resonances in '%*Ho.



