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The analysis of parity nonconservati®NC) measurements performed &#Th by the TRIPLE Collabo-
ration has been extended to include the neutron energy range of 250 to 1900 eV. Below 250 eV all ten
statistically significant parity violations have the same sign. However, at higher energies PNC effects of both
signs were observed in the transmission of longitudinally polarized neutrons through a thick thorium target.
Although the limited experimental energy resolution precluded analysis in terms of the longitudinal asymme-
try, parity violations were observed and the cross section differences for positive and negative neutron helici-
ties were obtained. For comparison, a similar analysis was performed on the data below 250 eV, for which
longitudinal asymmetries were obtained previously. For energies below 250 ey-whge neutron strength
functions for theJ=1/2 andJ=23/2 states were extracte8;,= (1.68+0.61)x 10" * and S},=(0.75+0.18)
X 10 *. The data provide constraints on the properties of local doorway states proposed to explain the PNC
sign effect in thorium.

PACS numbses): 24.80+y, 25.40.Ny, 27.90tb, 11.30.Er

I. INTRODUCTION a given resonance with the value depending on the specific
resonance parameters and the weak matrix elements between
The Time Reversal Invariance and Parity at Low Energythe compound states. The parity nonconservatfiNC) ef-
(TRIPLE) Collaboration discovereld,2] an unexpected sign fects result from mixingby the weak interactionof com-
correlation in the longitudinal asymmetries of tHé°Th  pound states with different parity and the same spin. For
p-wave neutron cross sections measured with polarized ne*2Th (a target with spin k= 0) sswave neutrons excite states

trons. The longitudinal asymmetrigs, are defined by with spins J=1/2, while p-wave neutrongorbital angular
momentuml =1) excite compound states with spids 1/2
o (E)=0y(E)(1*p), (1)  andJ=3/2. Parity violation may occur only in th@=1/2
resonances. Although there have been no direct measure-
where o™ (E) is the neutron cross section for theand — ments to determine the spins of tpewave resonances in

neutron helicity states, anat,(E) is the p-wave resonance thorium, the PNC data serve to assign spinl/2 to those
cross section for unpolarized neutrons. The cross section deesonances that show parity violation.
pends on the enerdy, neutron widthl",,, total widthI", and The sign correlation effect in thorium was confirmed in a
resonance energyy, while the asymmetry is constant for  recent measuremeff] which shows ten statistically signifi-
cant asymmetries below 250 eV, all with positive sigime
same as the sign of the PNC effect at 0.74 eV¥ith.a). This
*Present address: Gettysburg College, Gettysburg, PA 17325. is unexpected, since the longitudinal asymmetry is presum-
TPresent address: Hiroshima University, Hiroshima-Ken 739-ably[1,4] a mean zero Gaussian variable. Numerous theoret-
8526, Japan. ical attempts were made to explain this nonstatistical effect.
*present address: McKinsey and Company, Atlanta, GA 30303. The early attempts focused on distant doorway states; all
S$present address: Fukui University of Technology, 3-6-1 Gakuenfailed because these explanations required a weak single par-

Fukui-shi, 910-8505, Japan. ticle matrix element at least two orders of magnitude larger
IPresent address: Institute of Physical and Chemical Researdhan consistent with all other information. These efforts are
(RIKEN), Saitama, 351-0198, Japan. summarized by Stephense al. [3]. More recent attempts

TPresent address: IRI/ISO/TUD, 2629 JB Delft, The Netherlandsto explain the sign correlation effect have invoked local
** Present address: Wake Forest University School of Medicinegdoorways[5—8|. At present there is no generally accepted
Winston-Salem, NC 27157. explanation for the sign effect. Many of the theoretical dis-
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cussions emphasize the need for PNC data at higher energiesFor simplicity we shall consider only peak effects: all

in thorium, in order to constrain the properties of the hypo-energy dependent quantities in Eg) will be evaluated at

thetical doorways. the p-wave resonance enerdy=E,. The general convolu-
With the improved sensitivity of the TRIPLE experimen- tion form for the cross section is

tal system, and extension of the measurement to higher en-

ergies, one might expect to observe PNC effects above the _ / / /

highest previously observed parity violating resonance at 232 or(E)= J oo(E")R(E,E)AE, ©

eV. The standard analysis procedure to obtain the asymme- " . .
tries p relies on knowledge of the resonance cross section¥nere R(E,E) is the instrumental response functicais-

ao(E). However, such an analysis is unreliable at highercussed beloyvand op(E’) is the Doppler-broadened cross
energies since the limited experimental resolution obscuredection(see Lynn[12]). The peak cross section can be re-
manyp-wave resonances. Due to the large interest in the sigh'!ttén as
correlation effect, the TRIPLE Collaboration published the or(Eo) = 0 (Eo) pr(Eo) (4)
improved lower energy dat@] (where a complete analysis RU=07 TDA =0T DRY=0

was possiblg and decided to consider the remaining higherconversely, ifr o is known, the deconvoluted Doppler peak

energy data separately. In Stephensoml. [3] a cutoff en-  ross section is

ergy of 285 eV was adopted—of course the choice of a spe-

cific cutoff energy is somewhat arbitrary. In the present pa- UD(EO)eré(EO)ch(EO). 5)

per the data above 250 eV are presented. These data are

analyzed in terms of the PNC cross section differencedn its turn, the deconvoluted Breit-Wigner peak cross section

Ac(E)=0"*(E)—0o (E), instead of the asymmetrigs is
Eo)=r_(E Eo). 6
IIl. PNC TRANSMISSION ASYMMETRIES: o(Eo) =T yo(Eo)7o(Eo) ©
Ao EXTRACTION Combining Eqs(5) and(6) gives the basic equation for our

In the present analysis it is important to distinguish be_analy5|s:

tween the (ideal Breit-Wigner cross section difference _,-1 ~1

Ac(E), the Doppler-broadened cross section difference o(Eo) =1 0(Eo)l br(Eo) r(Eo)- )
Aop(E), and the resolution-broadened cross section differin our case, the functionaé(Eo) can be approximatetbee
ence Aog(E). The last quantity is related directly to the discussion beloywby

PNC transmission experiment, while the quantiy(E),

which is convenient for theoris{®,10], must be determined rgé(E0)=O.6+ 0.0Ey(eV), (8
indirectly from Aor(E). The experiment measures the PNC

transmission asymmetry, which is the relative difference While the functionr ;5(E) is well known in an analytical
in the detector yield due to the neutron spin flip. Since thform (see Lynn[12])

asymmetry is smalle(E) can be relatedsee, for example, _
Refs.[4,11]) to Aog(E) by r,5(Eq)=1l(amexpa®(1-erfa)),

with
~ Yni(E) Yfl(E)E_EanUR(E). 2

TN E FYR(E) - 2

a=T12Ap(Ey), (9)

Here Y, (E) andY;(E) are the detector yields for the non- Where the square of the Doppler width i\3
flipped (NF) and flipped(fl) states of the spin flipper device, =4Eq(KTex)/A, with Tey the effective temperatufd 3] and
nis the number of nuclei per chin the target, and,, is the A the mass number.

neutron beam polarization at the entrance of the spin flipper.

Changing the sign of ,, while maintaining the same condi- Ill. EXPERIMENTAL METHOD

tions for the spin flipper and the data acquisition system,
provides a sensitive method to determine whether an ob-
served effect is real or a statistical artifact—a true PNC ef- The measurements3] were performed by the TRIPLE
fect will show a change in sign while an artifact will not. The Collaboration at the spallation pulsed neutron soliieg of

key point is that Eq.(2) provides the tool to perform the the Manuel Lujan, Jr. Neutron Scattering Center at the Los
analysis without knowledge of the resonance parameters. AAlamos Neutron Science Center. A detailed up-to-date de-
though precise information gmcannot be obtained with this scription of the experimental setup and the measurement pro-
approach, one can estimate the size &y using calculated cedure is provided in Ref$3,15]. Here we note only a few
values of the average peak cross sections. The essential pokey features of the PNC apparatus that are relevant for our
is that even if thep-wave resonances themselves are no@analysis. The neutron beam was longitudinally polarized
observed, one can still under favorable circumstances ol f,|=70%) by transmission through a polarized proton tar-
serve PNC effects, and determine their sign and approximatget developed by Penttikt al.[16]. The proton polarization
magnitude. direction(and correspondingly the sign 6f) relative to the

A. Apparatus
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polarizing magnetic field was reversed every few days. The 10° T T T T 7 T T T T
neutron spin direction was reversed every 10 s by an adia: -
batic spin flipper devised by Bowman, Penttilad Tippens

[17]. The **Th sample hach=23.40x 10*® nucleilcnf. To
reduce the Doppler resonance broadening, the sample wag 102 |- 4
cooled to 77 K by a liquid-nitrogen chiller. The chiller was < I
placed at the exit of the spin flipper. Neutrons transmitted._g k
through the sample were counted at 56.7 m by a large areid .
19B-loaded liquid scintillation detectdi8], using a digital- 8 10" \V ]
current mode signal processing circuit and the time-of-flight 5 1
(TOF) technique. TheY,; andYy detector yields were accu-
mulated by the acquisition system in 30-min “runs” and
stored on a disk in nonflippea ) and flipped(fl) data areas 100 | | | | ! ! | | |
each containing 8192 TOF channels of width 100 ns. Both 210 220 230 240 250 260 270 280 290 300 310
data areas were in turn subdivided, into gdethble-beam Energy (eV)

and _bac_l(unstable-beabmreas. The sorting was achieved k_)y FIG. 1. The Doppler broadened total cross section calculated
monitoring the flux after each neutron burst and checking,om the ENDE data Ref21], for 22Th in the energy range 210 to

against the average flux 20 times per run. If the flux deviategq ey plot produced by the T2 web server http://t2.lanl.gov/ using
by more than 8% from the average, the data were labeleghe programnioy of MacFarlaneet al.

“bad.” The entire run was discarded from the analysis if the
data in bad areas were more than 50% of the total data. Ru
with chiller malfunctions(when the target temperature was
higher than 80 K were rejected as well. Finally, for this
analysis, 147 runs were selected and their good data are
were summed for subsequent analysis using(EQg.

Hon nop(Eg)<1.0. From these data we obtained values of
r,gé: op(Ep)/or(Ey) for arange oEj. We found the linear
gLégction of Eq.(8) to be a good representation ﬁq}é above
~50 eV. Below the energy of100 eV, the peak deconvo-
lution begins to depend progressively on thevave reso-
nance parameters. Above the energy-df00 eV, the instru-
mental width AE)g dominates over the Doppler widthy ,

A crucial aspect of our analysis is the use of the measureend therefore fop-wave resonances, which are experimen-
instrumental TOF response functi®{E,E’) of our experi- tally observed, the ratiop(Eg)/or(Ep) is practically inde-
mental system. The instrumental response depends upon tpendent of the resonance parameters. The linear dependence
flight path length, the shape of the neutron pulse after théor r 5} is expected then, sineg; behaves approximately as
moderator, and the timing characteristics of the detector anghe ratio (A\E)r/Ap ; in our case A E)g=0.24x 10 3EE,
electronics. This function has been studied in dgtEi, 19

B. Resolution function and the deconvolution procedure

and was implemented in the coderxs [20], which was R T R —~
written specifically to obtain the asymmetrigsfrom the 3 N ]
TOF spectra. With this code we calculated transmission & ]
through our sample at different resonances with and without a “g 3 R
the R(E,E’) function. We used as input the Doppler- 53

broadened total cross sections obtained from resonance pa- Sy

rameters of theNDF data file for %2Th [21]. Figure 1[22] Tr ]
presents the cross section in the energy region 210 to 310 - ]
eV. The p-wave resonances are extremely weak, and there L 1]

ares-wave interference minima which provide high intensity 300 305 310

transmission maxima in the detector yield. Such energy o _E (eV)

“windows” in the vicinity of sswave resonances are optimal o '

for finding nonzeroe—the background cross section is e g
smaller and the dynamic enhancement faf4dris large be- o

cause thes- and p-wave resonances are close in energy. A T % 7]
thick sample helps to amplify the size of an isolated weak 5:\’

resonance in transmission, but the poor resolution makes the =i ]
weakp-wave peaks almost invisible on the high level of the =

surrounding “background.” L | B

305 310

E (eV)

An example of the calculated transmission for a relatively 300
strongp-wave resonance at 302.4 eV is shown in Fig. 2 both
for the idealized casewith no interferings-wave resonances
and with perfect resolutiorat the bottom and with a realistic ~ FIG. 2. Calculated transmission through the thorium sample due
resolution function at the top. This comparison was per+o the 302.4-eVp-wave resonance for perfect resolutitoottorm)
formed for a number of resonances that satisfied the condiand with a realistic resolution functiofop).
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FIG. 3. Sample yield and transmission asymmé&®irh spectra FIG. 4. Yield and transmission asymmetfy’Th spectra near

near the 167.1-eV resonance for posititep) and negativgbot- the 302.4-eV resonance for positiveop) and negative(bottom)

tom) polarizations of the proton target. The TOF scale is convertegolarizations of the proton target.

to the neutron energy scale. The yield is the sUgp(E) + Y(E)

and the asymmetry is defined by Q). All of these figures show the background-unsubtracted spec-

, , tra with the TOF-channel axis converted to the neutron en-

while Ap=0.011JE. Of course, the available TOF resolu- ergy scale. The 167.1-eV resonance shown in Fig. 3 is an

tion sets the minimal value of the neutron width which CaNgyample from our low energy data. The peak value of the

be gbssrilgdb att go%we\?'energy, egl,~0.03 meVor  ,summetry is quite large. The well-developed low energy tail

op(Eo) ] a €V in our case. iy of the transmission asymmetry is a characteristic feature of
_There remains the quest[on—underlwhat condmons “athe TOF resolution function. The next example, Fig. 4, pre-

téus p2>r0(|::edurehf0|cr_o|sds ds efc_:U_qn:be_: aEpllze df tOAUR(EI) md sents data near the 302.4-¢Mvave resonance. The trans-
d. (2). From the yield definition in Bq(2) for an isolate gpission dip for this resonance is stronger than for the 167-eV

p-wave resonance, it is clear that if the resonance transmi dis situated the interf . .
sion exp(-nap) goes to zerdand therefore neutrons are not resonance, and is situated near the interference maximum in

detected then theAop contribution toe from the central the Yield due to theswave resonance at 306 eiote the
region nearE=E, will be suppressed in the instrumental strong dlp.on the right-hand sigddHowever, the transmission
convolution. To keep the systematic uncertainty of the de&Symmetries for the 167- and the 302.4-eV resonances are
convolution procedure below 10%, one should use a sampl¥ery different: the 302.4-eV resonance has a smaller asym-
with nO-D(EO)gl_O for all p-Wave resonances. |n ||ght of metry with a nega“ve S|gn. Yield and transmission asymme'
this requirement, ouf®2Th sample (o= 4.4 for the poten- try **’Th spectra near the 687-eV resonance are shown in
tial scattering cross sectian,=13.0 b, was not optimal for ~ Fig. 5. This resonance is on the interference yield maximum
the high energy study. We stress that the apparent suppreisom the 688.0-e\&-wave resonanci21,24. Aside from the
sion of the weakp-wave peaks on the large “background” three points on the tail, the asymmetric shape is typical of the
count rate may not occur for the difference of the detectoiTOF-resolution function for this energy region. This is a
countsY,«(E) — Y4(E). In a case of an ideal statistics, the clear case of a new-wave resonance. There is an additional
count rate differenc® ,«(E) — Y(E) is expected to be large small cusp that reverses sign just as a longitudinal asymme-

only nearp-wave resonances that show a PNC effect. try does. However, its width is too narrow to be a real PNC
effect and therefore it is most likely to be an artifact. Yield
IV. DATA AND RESULTS and transmission asymmetfj°Th spectra near 1517 eV are

shown in Fig. 6. There is a knowp-wave resonance at

1516.5 eV[21,24], that is situated at the interference yield
The neutron TOF yields and the PNC transmission asymmaximum due to the 1519.6- and 1525-eMvave reso-

metries for selected energy regions are shown in Figs. 3—hances, which are visible as one broad dip in the yield spec-

A. PNC transmision asymmetry data
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FIG. 5. Yield and transmission asymmetf{’Th spectra near
the 687-eV resonance for positiy®p) and negativegbottom po-
larizations of the proton target.

FIG. 6. Yield and transmission asymmetf§Th spectra near
the 1517-eV resonance for positi{tep) and negativebottom po-
larizations of the proton target.

tra. Finally, spectra in the energy region 1800—-2100 eV ar&vith spins J=1/2. Next, thep,,, average peak resonance
shown in Fig. 7. The asymmetries again occur at the intercross — sections —were  calculated from (Op1r2)
ference maxima in the yield. The first effect corresponds to=2(01))Dp12/ (7I'). We used the valuet'=24.5 meV,
the known 1898.4-e\p-wave resonancf21,24), while the  Dp12=17 eV (the same as thewave level spacin®s;),

second effect corresponds to a npwave resonance. and Sy;,=1.68+0.61x 10" . The latter value was obtained
for energies below 285 eV, according to the definit®y,
B. Experimental results =(I‘,111,2>/Dp1,2, using the observed resonance parameters

) ) from Ref.[3], and theJ=1/2 spin assignment for resonances
The results fore and Ao are listed in Table | together \yith statistically significant PNC asymmetries. The other

with Ao, and o, calculated with Eq(1) from the p values p-wave resonances have a smaller value S3f,=(0.75

and resonance parameters reported in R&21]. The re-  + 0 18)x 10~ for the J=3/2 strength function. Comparison

sults are presented only for resonances with an observegt A ;- with A, for resonances below 250 eV shows that the

PNC effect. The resonance at 8.36 eV was not in the energyyo analysis methods agree for all but the two resonances at

range of our data taken with 100-ns TOF width. Errors128.17 and 196.20 eV. For these resonances the new values

shown fore andA o are the statistical errors. The data in the are approximately a factor of 2 smaller. Comparing the peak

fourth column stops at the last PNC effect reported in Refcross sections, with the expected averaged values,, we

[3]. The last column in Table | lists the average peak resonote that these two resonances are the stromgesive reso-

nance cross sectiofu,,,(E)) calculated in the framework nances, and as discussed above, suppression dfctheon-

of the statistical model in two steps. First, the-1/2 com-  tribution is expected. The observed resonance peak cross

ponent of the energy averageevave resonance cross sec- sections fluctuate because they are proportional to the neu-

tion (o)) was obtained from tron widths, which obey the very broad Porter-Thomas dis-
N - . tribution. Therefore, we underestimatar by a factor of 2
(o1(E))=2m"RVE/(1 eV)Sy,, (10 for resonances which are several times stronger than the av-

erage value at the corresponding energy.
which is a good approximation to the exact expres$isj _
for our energy region. Her®= 1.35A3 fm is the neutron- C. Matrix elements
nucleus interaction radiu®4], E is the energy in eV, and For several reasons we believe that the newly observed
Si), is the p-wave neutron strength function for resonancesasymmetriese are true PNC effects. The values efE
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FIG. 7. Yield and transmission asymmetf{’Th spectra near
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the 1898-eV and 1967-eV resonances for positie@) and nega-
tive (bottom polarizations of the proton target.

PHYSICAL REVIEW C61 025501

=Ey) are statistically significant. The fact tha(E=E,)
changes sign for positive and negative proton polarizations is
a very strong argument in favor of the effects being true PNC
effects and not statistical accidents. The cases at the 302.4,
1517, and 1898 eV correspond to knopHswave resonances

at 302.6, 1516.6, and 1898.4 eV, respectividy,24. Al-
though only the 302.4-eV resonance is observed in the
summed TOF spectrund, s+ Yy because of the high count
level in the vicinity and the poor resolution, the new reso-
nances are observed in the yield differentg— Yy due to
their apparent PNC effect.

In order to consider whether the newr values are con-
sistent with our lower energy data in thorium, we determined
the weak matrix element8 using the two-level approxima-
tion. Theswave resonancéat energyk,) that is closest to
the PNC effect was assumed to be responsible for the entire
effect. Using Eqg.(1) and the widely used expressiqmn

=20\TITPI(Es—Ey) [4], we obtain

Ao(E=Eq)=16mR20\T T }/[k,R(Es— E)T'], (11)

whereT'? andT'} are the reduced neutron widths of the
and p-wave resonances; the neutron wave number &

=1 eV, I the total width of thg>-wave resonance, arttithe
weak matrix element. For the neprwave resonances, for
which there are no measured widths, we estimatpdrom

the corresponding average peak cross section given in Table
I. The results for individual matrix elemengsare 0.15, 0.35,
2.0, 1.8, 1.7, and 8 meV for the resonances at 250, 302.4,
687, 1517, 1898, and 1967 eV, respectively. The same pro-
cedure applied to resonances below 250 eV gave individual
matrix elements in the range 0.5 to 5.0 meV, with an average

TABLE I. Longitudinal transmission asymmetries PNC cross section differencéss, and resonance

cross sections fof32Th.
Eo (eV) € (1079) Ao (mb) Ao, (mb)? ap (0)? (op1) (0°

8.36 121+ 6 3.39 2.9
38.23 3.56:0.25 156-11 172+19 1.34 6.2
47.07 3.36:0.20 186-11 197+ 15 3.92 6.9
64.57 4.4%0.18 332-13 368+ 25 1.30 8.0
98.06 0.54-0.16 6720 65+ 20 4.64 9.9
128.17 6.32:0.35 1210-68 3063 260 66.3 11.3
167.11 2.3%0.09 581+ 22 957+ 105 14.9 13.0
196.20 0.96:0.27 26580 682+ 150 37.9 14.0
202.58 0.9%:0.15 310-50 486+130 22.1 14.2
231.95 1.36:0.13 470-50 445+ 89 4.66 15.3
250.0 —0.27+0.05 —110+20 - 15.8
302.4 —0.58+0.06 —320+33 49¢ 17.4
687.2 3.06:0.10 5250- 180 26.3
1517 0.76:0.04 3650-210 115° 39.0
1898 —~0.50+0.13 — 3600+ 900 213° 43.6
1967 —0.80+0.08 — 6310+ 630 44.4

&Calculated from data of Ref3].
PCalculated with the use @&},.
°Not analyzed in this work.
dcalculated from data of Ref21].
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value of 1.8 meV. The detailed likelihood analysis of the setsections. The asymmetry values do not exceed 10%, consis-
of longitudinal asymmetrie$p}e for resonances below 250 tent with the values observed at energies below 25033V
eV gave the value of the root-mean-square matrix element ofhe individual weak matrix elements for the new effects
(1.58ﬁ8j§j‘) meV [3]. Therefore theAo values for the six were estimated in the two-level approximation. They are
new PNC effects in?®Th are completely consistent with consistent with the rms matrix element determined from de-
those obtained from the PNC effects at lower energy irtailed analysis of the lower energy data.
232Th, The new results show that negative PNC effect$¥Th
appear at neutron energies above 250 eV. This provides
V. CONCLUSION some constraints on the properties of doorway states pro-
) ) _ posed to explain the PNC sign effect in thorium. Due to the
In summary, we again emphasize that the experimentaelectivity of these measurements—only for large PNC ef-
conditions for these measuremeftise flight path, detector, fects and only in the-wave interference regions—these re-
and sample thicknepsvere not optimized for the neutron syits do not represent a complete picture of PNC effects in
energy region that we have analyzed here. In particular, thes2ryy gt higher energies. Any detailed inference regarding
energy resolution was poor. The energy regions that are sefe pehavior of the PNC effects iff2Th seems premature

sitive to the observation of PNC effects are very limited—yithout dedicated measurements with neutrons above 250
only those regions near tisewave interference cross section gy/.

minima. In those regions we observed four negative and two
positive statistically significant longitudinal transmission
asymmetries. Three of these correspond to known resonances
and three others to newwave resonances iR°2Th. The
longitudinal transmission asymmetrieswere converted to This work was supported in part by the U.S. Department
PNC differences of thp-wave resonance peak cross sectionsof Energy, Office of High Energy and Nuclear Physics, un-
Aco. The systematic uncertainty due to this conversion ider Grants No. DE-FG02-97-ER41042 and DE-FG02-97-
about 15% for those resonances whose strength is less th&mR41033. The work was performed at the Los Alamos Neu-
or equal to the average strength3#fTh. For stronger reso- tron Science Center at the Los Alamos National Laboratory.
nances, thelo value could be as much as twice as large.This facility is funded by the U.S. Department of Energy,
The size of the PNC asymmetries observed at high energigffice of Energy Research, under Contract No. W-7405-
can be estimated with the use of averpgeave peak cross ENG-36.
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