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Parity violation in neutron resonances of palladium
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Parity violation inp-wave neutron resonances of the palladium isotopes 104, 105, 106, and 108 has been
measured by transmission of a longitudinally polarized neutron beam through a natural palladium target. The
measurements were performed at the pulsed spallation neutron source of Los Alamos Neutron Science Center.
The rms weak interaction matrix elements and the corresponding spreading widths were determiffidi for
10%pd, and%%Pd.
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[. INTRODUCTION wheres™ (E) is the neutron cross section for the and —
neutron helicity states, and,(E) is the p-wave resonance
The earlier experimental approach to the study of paritycross section for unpolarized neutrons.
nonconservatiofPNQC) in light nuclei involved the measure-  The pulsed spallation neutron source at the Los Alamos
ment of a parity violating observabléften a forbidden Neutron Science Centét ANSCE) was very well suited for
y-ray transition, and the calculation of the strength of the these experiments. Results from the initial TRIPLE measure-
functions are calculated with the nuclear shell model. Unfore,5kie et al. [4]. A general theoretical review of the en-
tunately th? results_ are very sensitive to .the Qeta|ls of th.‘ﬁancement of parity and time-invariance violating effects in
wave functions. This approach is summarized in the Class'Eompound nuclei is given by Flambaum and Gribai
lrewew by_ Ad(_elkljer_gerfand Haxtdd]. The dlscoyerz ofg/ery ollowing the preliminary measurements, the TRIPLE col-
arge parity violation for neutron resonances in La, Sn, amf L2 ) '
: aboration improved the experimental apparatus and devel-
Br by the Dubna group2] and the subsequent time reversal oped an imprgved data anaFI)ysis methodF.)E)rhe early measure-

invariance and parity at low energi¢SRIPLE) measure- ments were repeated, and many additional targets were
ments[3] in heavy nuclei led to a new, statistical approach to. P ' y 9

the study of parity violation in heavy nuclei. The symmetry- msve:gt%ag‘d.thi br:aer];t rexzigtgghe?\rﬁgggsﬁe?\? itge E/Z?\erll)c
breaking matrix elements in compound nuclei are assumed i{)chell Bowmar? an)(lj Weideniiler [6]. A recent co?n - y
be random variables. The goal of the PNC experiments is t ’ ’ ‘ ’ P

detrmine the rogkmean-square synmeyeaking marl°S Sen S e e AT
element. This weak matrix element is obtained from a set of parity P y

P . a maximum of thep-wave neutron strength function. The
longitudinal mmetries m red for a number of reso:
ongitudinal asymmetries measured for a number of reso RIPLE measurements off°Th [8] and 232U [9] are near

nances per nuclide. The key point is that the value of the rmg1 . £ h t A th function. T
matrix element can be obtained without detailed information- ¢ maximum or the P neutron strength function. To con-

about the wave functions. Forpawave resonance at energy S|de|r the posks!blte mat_ss dependefnce 0:; the effective rtluglet(?]n—
E, the longitudinal asymmetrg is defined by nucleus weak interaction, we performed measurements in the

A=110 mass region, where the 3ieutron strength function
oi(E)=ap(E)(1t p), 1 maximum is located. We have published results for several
nuclei in this mass region®*Nb [10], °Rh[11], 1°71%Ag
[12], **%Cd [13], ™9n [14], '*'Sn[15], **"**Sb and *|
*Present address: Stanford Linear Accelerator Center, Stanfor§i16], and *33Cs[17]. Except for®*Nb, parity violation effects

CA 943009. were observed for all of the odd mass targets that we studied
TPresent address: Gettysburg College, Gettysburg, PA 17325. near the  neutron strength function maximum. The analy-
*Present address: Avant! Corporation, Durham, NC 27703. sis of the parity violation data becomes much more compli-
$Present address: Institute for Chemical Research, Kyoto Univercated for targets with nonzero spin. Spectroscopic informa-

sity, Kyoto, 611-0011, Japan. tion (including spin$ for the s- and p-wave resonances is
IPresent address: Fukui University of Technology, 3-6-1 Gakuenyery important. In the absence of this spectroscopic informa-

Fukui-shi, 910-8505, Japan. tion, averages over the unknown parameters can be per-
TPresent address: Institute of Physical and Chemical Researdiormed, but this averaging often leads to a large uncertainty

(RIKEN), Saitama, 351-0198, Japan. in the value for the rms PNC matrix element.

0556-2813/2002/63)/0355039)/$20.00 65 035503-1 ©2002 The American Physical Society



D. A. SMITH et al. PHYSICAL REVIEW C 65 035503

Here we report on our PNC study on the palladium iso-  1x10° ' ' ' 3
topes. Palladium has one odd mass isotope and several eve
isotopes. The odd isotop¥*Pd has a high level density as
compared with the even isotopes. A large number of new
resonances were observed in the transmission experimer
with a natural target, but their assignment to a specific iso- | f\ |
tope required additional measurements. These measuremerg
were performed with isotopically enriched targets and a3
y-ray detector array18]. In addition, many resonances that st} M _

8x10° | i

were not observed in the natural target due to overlapping

resonances were clearly observed with the isotopically en-

riched targets. These spectroscopic results are described in ~ 2x10° -

recent paper by Smitét al.[19]. Earlier PNC measurements \J

on enriched!®Pd and%%d using they-ray detector array

were reported by Crawforet al.[20]. In this paper we com- S000 3500 4000 4500 5000

bine these earlier results with the results from the presen:. CHANNEL NUMBER

trans_mlssmn PNC measurement and the extensive spectro- FIG. 1. The experimental neutron time-of-flight transmission

scopic measurements.. . ) spectrum for natural palladium for the energy region 60 eV to 160
In Sec. Il the experimental methods for the parity viola- o,

tion measurements are described. The experimental results

are presented in Sec. lll, while the analysis to obtain thehatural

longitudinal asymmetries is discussed in Sec. IV. The extracs, 123 atoms/crh. The measurements were performed both

tion of the PNC matrix elements and the weak spreadin%t 00 :

: . ~ e m temperature and at 77 K. TH&-loaded liquid
widths is described in Sec. IV and the results for the pa”a'scintillation detector[26] was 56.7 m from the neutron

d‘“”.‘ isotopes are given in SPTC' V. The final section present§ource. This detector has an efficiency of 95%, 85%, and
a brief summary and conclusions. 71% at neutron energies of 10 eV, 100 eV, and 1000 eV,
respectively. The neutron mean capture time in the detector
Il. EXPERIMENTAL METHOD is 416£5 ns.
The data acquisition process is initiated with each proton
Measurement of the PNC asymmetries was performed ajyrst. After the detector signals are linearly summed and
the Manuel Lujan Jr. Neutron Scattering Center. The pU'SE(mtered, an analog to digital convertéADC) transient re-
spallation neutron source is described by Lisowskial.  corder digitally samples the summed detector signal 8192
[21]. The initial experimental system to measure PNC effectgimes in intervals determined by the filtering time. These
at LANSCE was developed by the TRIPLE Collaborationg8192 words are added to a summation memory for 200 beam
[22]. The flux monitor{23], the polarizef24], the spin flip-  pursts before being stored. This process is repeated 160
per[25], and the neutron detectf26] are described in sepa- times. This data set is treated as a unit for data analysis and
rate papers. The polarized epithermal neutron beam line fagorresponds to about a 30-minute “run.” For palladium 259

the present PNC experiments is described in REf]. The  ryns with a channel width of 100 ns were used in the final
measurements were performed on flight path 2, which viewgnalysis.

a gadolinium-poisoned water moderator and has a cadmium/
boron liner to reduce the number of low-energy neutrons in
the tail of the neutron pulse. The neutrons are then colli-
mated to a 10-cm diameter beam inside a 5-m thick biologi- The natural palladium time-of-flighfTOF) spectrum in
cal shield. A®He/*He ion chamber systeii23] is used as a the energy region approximately 60—160 eV is shown in Fig.
flux monitor. The neutron flux is measured for each neutroril. Many new resonances were observed in the transmission
burst. These flux measurements are used to normalize ttspectrum of the natural target and the assignment of these
detector rates. The neutrons then pass through a polarizedew resonances to a particular palladium isotope was a chal-
proton spin filter[24]. Due to the difference in the singlet lenge. The stable isotopes of palladium &Pé&d (1.02%),
and tripletn-p cross sections, neutrons with one of the two °Pd (11.14%, %%Pd (22.33%, %Pd (27.33%, %%Pd
helicity states are preferentially scattered out of the beam(26.46%, and %Pd (11.72%. Isotopic identification was
The longitudinally polarized neutron beam has a polarizatiorachieved by a combination of measurements on isotopically
of f,=70%. The neutron spin was revergedery 10 $by a  enriched targets using thgray detector. The details of this
spin reversal device consisting of a system of magnetic fieldprocedure and the final spectroscopic results are given by
[25]. Approximately every two days the overall neutron spinSmithet al.[19]. Resonance parameters were determined by
direction was changed by reversing the polarization directiomnalysis of the data summed over both helicity states. Back-
of the proton spin filter. ground and dead time corrections were applied as described
PNC effects in palladium were measured by transmittingoy Crawford et al. [9]. The shape analysis was performed
the neutron beam through a sample located at the dowrwith the coderiTxs [27], which was written to analyze the
stream part of the spin flipper. The cylindrical sample of TOF spectra measured by the TRIPLE collaboration. The

palladium had an areal density of 5.40

Ill. EXPERIMENTAL DATA
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TABLE |. Resonance parameters and PNC asymmetpegor °Pd. The parameterd; has
dimensions eV?,

E (eV) I J g’y (meV) A p (%) lpl/Ap
109.7 1 0.062+0.006 1.7 0.080.10 0.8

156.7 1 0.024+0.002

182.4 0 0.5 2974

266.6' 1 1.07+0.10 0.45 ~0.12+0.03 4.0

294,53 1 1.30+0.13 0.33 0.0£0.18 0.06
347.% 0 0.5 15715

522.¢° 1 4.3+0.4

524.4 1 2.0+0.2

607.8' 1 45+05

638.7 1 7.8+0.8

678.9" 1 2.4+0.3

738.2 1 2.7+0.3

769.2 1 0.21+0.02

888.1 1 7.260.7

935.0% 1 13.0:1.2

944 8 0 0.5 700+ 65

994.6' 0 0.5 35.0:3.2

1178 1 0.8+0.3

New resonances.

multilevel, multichannel formalism of Reich and Modi28] by a sign, statistical or systematic uncertainties may intro-
was used for the neutron cross sections, which were convatuce an additional difference. The asymmegrdefined by
luted with the TOF resolution function developed by Craw-Eg. (1) was calculated as
ford et al. [9]. The final fitting function is

[(fnp)+_ (fnp)i]

. P= T -
]+2 R o2+ (Fop) +(fop) ]

4

F()={ B(t)®| e 00
t t [E0.96 “b

The PNC amplification parameters Ay,

where p(t) is the Doppler-broadened total cross section,= V=s4(al5y/gTR)/(Es;—Epy)? (see Sec. IV are listed
B,(t) is the instrumental response functi6mhich includes for those p-wave resonances for which the longitudinal
line broadening due to the initial width of the pulsed beam,asymmetry was measured. The amplification factors depend
neutron moderation, finite TOF channel width, and mearPn the spin] because the weak interaction mixes only those
time for neutron capture in the detedior/E%% is the P- ands-wave resonances with the same spirFor *°Pd
energy-dependent neutron flux, and the second term repréiere are two entries fok, for all resonances for which the
sents a polynomial fit to the backgroun@he symbol® longitudinal asymmetry was measured, corresponding to the
indicates a convolutionThe fitting procedure is described at two possible spins for which the “weak mixing” is possible.
length by Crawfordet al. [9]. The neutron resonance ener- (The spins of thep-wave resonances are unknoyRor the

gies,gI', widths, and radiative widths are obtained from this SPin-zero isotopes, the amplification factors are listed only
analysis. Resonance parameters fr105106.18q are listed for the spin-1/2p-wave resonances, since in this case weak

in Tables 1-IV. mixing is possible only for spin-1/2 resonances. The analysis
After determining the resonance parameters, the experfo determine the PNC asymmetries in palladium was per-
mental asymmetriesf{p)* and (f,p)~ in equations formed on the summed data. The values of the longitudinal
asymmetriesp are listed for four palladium isotopes in
Ugfnzgp[“(fnp)t]’ (3y  Tables I-IV.

were fitted separately for the and — helicity TOF spectra. IV. ANALYSIS

Hereagfn is the experimental neutron cross section for-the A detailed description of the analysis of the PNC cross
and — neutron helicity states, arfg, is the absolute value of section asymmetries is given by Bowmeial.[32]. An ex-
the neutron beam polarization. The valuefgfwas deter- ample of the application of this analysis method fer0
mined in a separate study of the well-known longitudinaltargets is given in our study of uraniuf@] and an example
asymmetry of the 0.75-eV resonance in lanthari@dj. Al- of the method forl # 0 targets in our study of silvgri2]. A
though the quantitiesf(p)* and (f,p) ~ should differ only  key point is that the observed PNC effect in thavave
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TABLE Il. Resonance parameters and PNC asymmetdefor 1°Pd. The parameterd\; have
dimensions eV?,

E (eV) [ J2 glr', (meV) A, Az p (%) Ipl/Ap
-6.07 0 3 0.95/E

3.97 1 0.00046-0.00003

11.78 0 3 0.105-0.001

13.22 0 2 1.330.05

24.49 0 0.080+0.05

25.10 0 3 1.79:0.05

27.59 1 0.0032+0.0003

30.08 0 2 0.18Q-0.002

38.43 0 3 0.1890.009

41.19 1 0.00530.0002 2.9 75 —0.06-0.24 0.3
42.56 0 0.033:0.001

44.39 1 0.0079-0.0003 2.4 55 0.250.16 1.6
49.93 1 0.00210.0001

55.23 0 3 3.90.1

68.3 0 3 0.92-0.03

72.8 1 0.0139-0.0006 9.1 5.8 0.590.066 9.8
77.7 0 2 7.80.2

79.5 1 0.0139-0.0007 27.2 7.7  —0.072:0.043 1.7
80.8 1 0.033+0.001 11.1 5.8 —0.02+0.078 0.3
82.9 1 0.032+0.001 6.2 9.4 0.2£0.05 4.2
83.2 1 0.039+0.002 5.1 9.4 0.180.047 4.5
86.7 0 3 10.2-0.3

94.2 1 0.008+0.001

101.2 1 0.0280.001 2.2 47  —0.154-0.093 1.7
104.0 0 3 0.72:0.03

113.8 1 0.007:0.001

116.9 1 0.036:0.002 2.3 2.2 —0.14+0.11 1.3
126.2 0 3 1.88:0.06

130.5 1 0.0440.002 3.6 3.3 0.2¢£0.12 1.8
132.8 1 0.025+0.001 5.4 3.2 0.270.31 0.9
134.1 1 0.122-0.005 2.8 1.2 —0.07+0.70 0.1
136.5 1 0.026:0.001 8.2 2.3 0.480.30 1.3
141.2 0 2 5.75-0.5

144.4 1 0.019+0.001 18.1 2.7 0.1%70.50 0.3
147.8 1 0.158+0.007 13.2 1.2 0.380.25 1.2
150.0 0 2 32.61.0

154.6 0 3 2.070.08

158.70 0 2 3.530.1

161.00 1 0.026+0.001 12.3 3.4 0.06%0.60 1.6
165.9 1 0.04Q+0.002 4.9 4.3 —0.11+0.35 0.3
168.2 0 3 0.870.04

170.7 1 0.082-0.004 2.8 2.7 0.080.20 0.4
183.9 0 2 7.70.4

202.5 0 2 5.60.2

208.3 1 0.05%0.002 3.8 1.3 —0.24+0.27 0.9
215.4 1 0.103:0.004 1.6 1.4 —0.20-0.21 1.0
222.68 1 0.049+0.002 2.0 4.5 0.900.52 1.7
226.8 0 3 4.20.1

230.4 1 0.05Q+0.002 2.0 53 0.060.50 0.1
251.4 0 2 3.60.1

252.4 0 3 19.8-0.25

260.0 0 2 22.40.7

268.9 1 0.116+0.005 3.4 1.8 —0.30=0.29 1.0
286.8 0 3 3.15-0.10

305.1 0 2 53.31.7

311.¢ 1 0.057+0.003

313.3 0 2 2.05%:0.09

322.F 1 0.072+0.003

&/alues from Ref[29].
®New resonances that are not listed in the latest compil@86h
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TABLE lIl. Resonance parameters and PNC asymmepits °%Pd. The parametek; has dimensions

ev 1,
E (eV) I J g’y (meV) A p (%) lpl/Ap
63.47 1 0.013:£0.001 1.6 0.0%0.07 1.0
146.4 1 0.60+-0.03 0.4 0.020.08 0.3
156.¢' 1 0.27+0.01 0.7 —0.16+0.046 3.5
281.5 0 0.5 51514
299.8 1 0.24+0.01 5.8 0.0&¢0.15 0.6
406.4 1 0.83+0.03 0.5 —0.07+0.12 0.6
461.¢ 1 1.16+0.04 0.3 —0.04+0.12 0.3
521.¢ 1 6.0£0.3 0.1 —0.06+0.06 1.0
562.5' 1 5.5t0.2 0.1 —0.04+0.07 0.6
593.4P (1) 12.5+0.6 0.1 —0.17+0.04 4.2
644.9 1 0.52+0.05 0.5 0.66:0.38 1.6
870.6 0 0.5 87730
922.¢ 0 0.5 705-26
967.5 1 16-1 0.4 0.12:0.07 1.7
1008 0 0.5 584
1148 1 4.0+0.4 0.2 0.5&0.24 24
1206 1 10.0=0.7 0.1 —0.11+0.15 0.7
1306 1 3.4+0.3 0.2 0.36:0.40 0.9
1323 1 7.8£0.8 0.2 —-0.17+0.21 0.8
1377 1 2.2£0.2 1.0 —0.53+-0.66 0.8
1398 0 0.5 23117
151F 1 28+2 0.1 0.09:0.12 0.8
1557 1 1.7+0.2 0.7 —-1.2+1.2 1.0
1588 0 0.5 15816
1597 1 12+1 0.6 —0.17+£0.22 0.8
1624 1 101 0.2 —0.12-0.28 0.4
1764 1 18+2 0.2 —-0.15+0.21 0.7
1839 0 0.5 914+ 67
aNEW resonances.
bpossible doublet.

resonance in question is due to contributions from a number v 9,9

of neighborings-wave resonances. Since there are several pﬂzzE e #1’2, (5)

mixing matrix elements but only one measured asymmetry, v BE-E, Ty

one cannot obtain the individual matrix elements. However,

if the weak matrix eIe.ments connecting the o_pposite paritXNhereg andg, are the neutron decay amplitudes of lev-

states are random variables, then the longitudinal asymmetrg Faz = Y 5 9

is also a random variable. The varianb#’ of the weak Is u and v (9M_9M1,2+ g,U«3/2=FMn andgV=I‘,,n), E. and

matrix elements—the mean square matrix element of th&, are the corresponding resonance energies\Vayds the

PNC interaction—can be determined from the distribution ofmatrix element of the PNC interaction between leyeland

the asymmetries. The analysis depends on the spectroscopicIn the following we assume that the total neutron widths

parameters. Our approach to the likelihood analysis is to inand the resonance energies are known.

clude all available spectroscopic information and then to av- For targets witH "=0", thes-wave resonances have 1/2

erage over any remaining unknowns. Additional spectro-and thep-wave resonances 1/2or 3/2". Only the 1/2 reso-

scopic information reduces the uncertainty in the rms valugances can mix and show parity violation. First consider the

of the weak matrix element. However, in practice the majorikelihood function whenl =0 and the spins of thp-wave

contribution to the uncertainty in the rms weak matrix ele-resonances are known. Therefore one analyzes only the data

ment arises from statistical limitations—the small samplefor spin J=1/2 resonances. The values of the asymmetries

size. Since we usually observe only a very few PNC effectsneasured for differenp-wave resonances are assumed to

per nuclide, the resulting likelihood distribution is broad.  have mean zero and to be statistically independent. The like-
The observed asymmetry for a givprwave levelu has  lihood function for several resonances is therefore the prod-

contributions from a number of-wave levelsy, and the uct of their likelihood functions.

PNC asymmetry is The mean square matrix eIemeMﬁ is the variance of the
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TABLE IV. Resonance parameters and PNC asymmetpesor °%d. The paramete®; has
dimensions eV?,

E (eV) I J g’y (meV) A p (%) Ipl/Ap
2.96 1 15 0.00504 0.00005

32.98 0 0.5 1234

90.98 0 0.5 2146

112.7 1 1.03:0.05 1.4 0.04:0.04 1.0
149.8 1 0.066-0.006 2.6 0.06:0.30 0.2
302.7 1 3.7¢:0.15 0.22 0.030.06 0.5
410.6 1 0.6%0.02 2.9 ~0.22+0.25 0.9
426.6 0 0.5 37t 11

480.3 1 0.62-0.02 1.0 0.030.30 0.1
544.4 1 5.6:0.3 0.25 —0.04+0.09 0.4
635 0 0.5 396-12

642 1 1.3-0.1 5.1 0.370.34 1.1
797 1 6.3-0.4 0.21 0.120.14 0.8
843 1 1.3:0.1 0.69 —0.45+0.65 0.7
905 0 0.5 58529

955 0 0.5 87%37

962 0 0.5 47.10.4

1082 1 171 0.15 0.09:0.12 0.7
1127 1 0.51+0.05 0.86 0.%72.3 0.3
1140 1 0.08+0.02 2.4 —~5.0+5.7 0.9
1215 0 0.5 41842

1359 1 28-2 0.10 0.030.14 0.2
1433 0 0.5 148 15

1456 1 4505 0.54 0.45:0.54 0.8
1508 1 0.33:0.05 1.1 —1.2+5.2 0.2
1523 1 2.80.3 0.39 -0.11+0.93 0.1
1652 0 0.5 1269 127

1710 0 0.5 778

1743 1 0.47+0.07 15 —8.7+4.9 1.8
1818 1 2.4+0.2 0.37 1.21.8 0.7
2010 0 0.5 696 70

2118 1 7.50.8 0.19 0.230.81 0.3
2169 1 2.650.3 0.24 0.425 0.2
2287 1 374 0.04 ~0.31+0.29 1.1

8Resonance parameters frgag].
®New resonances.

distribution of the individual PNC matrix elements,,. The  whereG represents a Gaussian function.

quantityp,, in Eq. (5) is a sum of Gaussian random variables  If the experimental asymmetry 8, and thea priori dis-
V,, each multiplied by fixed coefficients, and is itself a tribution of the rms matrix element B°(1/2), then
Gaussian random variablg33]. The variance ofp, is

(A,M;)?, where N

LMy =P°(12 [ P(pIMuA, 0, (8
2 \?T r
A=~ A2, A2=<—) =, 6
" Ey ”” o\E,—EL Ty, © and one obtains the final expression

The probability density function of the longitudinal asymme- N
try pis L(My)=P%(1/2) Hl G(pu (MypA )2+ (a,)?). (9)

=

2
P(p|M;A)= #ex -— =G(p,(M;A)?), If the p-wave resonance spins are unknown, then there is

v27M ;A 2M3A2 one term for the spin-1/2 resonances thah show parity

(7) violation and one term for the spin-3/2 resonances taat
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notshow parity violation One weights the two terms accord-sume thatl’,, is independent ofl. The likelihood function

the two terms:

N L(T,,) Ty IHPL(P.IMALD),a,
LMy = P12 IT [p(L2G(, (My_1A,)2+ 02) ( )[[1 o221 POIPHPUMAL) 2.0
n=1
+p(32G(p,,,o2)], (10) +J:§3/2 P(IG(p,.02)|, (12)

where p(1/2) andp(3/2) are the probabilities that=1/2
andJ=3/2, respectively. The relative probabilitip§J) are
estimated using the standard statistical model prescription for

where M; should be written as a function of the weak
spreading width

the J dependence; see, for example, the discussion by Bow- I,=2m(M;)?D,. (13)
manet al. [32]. Of course whenl is known then the prob-
ability vanishes except for the one knowrvalue. OnceTl,, is determined, the weak matrix elemevitis ob-

The likelihood function in Eq(10) is not normalizable tained directly from this equation. Since the level densities
unlessPy (M) goes to zero for larghl,. This difference  for J=2 andJ=3 are not very different and have appre-
is due to theJ=3/2 terms, which are independent kf,,,  ciable uncertainties, we use the average level density and
and lead to a divergent normalization integral. In practice wejuote only one value dfl.
assume that the prid?®(T",,) is a constant up to some value  In order to be consistent, one should use the weak spread-
and zero above this value. Since we have measured wedhg width as the variable throughout, and transformgher
spreading widths in a number of nuclei, we know that theaccording to P°(T',,)=P°(M4(I'y))dMy(T,)/d(Ty,). The
weak spreading width is unlikely to be more than about 5change of the argument and theior does not change the
X107 eV. For the present calculations we used a constarfinal (most likely) value of the matrix element, but does
prior below 10< 10~ eV and zero above this value. In this change the corresponding errors because of the nonlinear re-
method one directly determines the rms matrix element.  lationship of the variableM; andT',,. Thus forl #0, usu-

The uncertainties of,, were obtained by the method of ally onemustformulate the problem in terms of the spread-
Eadie et al. [33] of evaluating the confidence interval by ing width, and then determine the weak matrix element from

solving the equation the spreading width(The only exception is when there is
complete spin informatiohThis contrasts with the approach
L(I'Z) 1 for | =0, where one determines directly the most likely value
n reel ¥ (11 of the rms matrix element, and then calculakgsfrom the
L(T'%) known matrix element and the level density.

whereT'}, is the most likely value andl',, gives the confi-
dence range.

The problem forl #0 targets is much more complicated.  Parity violating asymmetries were observed in
For 1%Pd with | =5/2, swave resonances can be formed 19419510 For the even-even palladium isotopes, the level
with spin 2 or 3, while thg-wave states can have spins 1, 2, spacings are about 200 eV, or about 10 times larger than the
3, or 4. Only the spin 2 and 3 states can show parity violaspacings for the heavy even-even nuclidésrh and 238U
tion. Since the rms PNC matrix elemévitmay depend od,  that we studied earlidi8,9]. Therefore one expects the size
we label the matrix element &4 ;. In the absence of spin of the PNC effects to be correspondingly smalléPd
information we assume that the spreading width is indepenshowed one statistically significant PNC asymmetfPd
dent ofJ and fit directly to the spreading width. two asymmetries, and®®d no asymmetries.

If the spins of allswave resonances are known, but not  The results for'°®Pd require special consideration. There
the spins of thep-wave levels, then the factok, can be s a 3.5 asymmetry in a weak-wave resonance at 156.9
evaluated if thg-wave spin is assume#,, = A ,(J) depends eV and a 4 asymmetry in a strong resonance at 593.4 eV.
on the spin sequence assumed because only these/e  The orbital angular momentum of the latter resonance is un-
levels with the same spin as tpevave level mix to produce certain, since it has nearly equal probability to occur in
parity violation. The likelihood function is obtained by sum- Porter-Thomas distributions of neutron widths fer and
ming overp-wave level spins, which parallels the procedurep-wave resonances. The PNC asymmetagsuming the
for 1=0. p-wave assignmejtfor this resonance alone yields a weak

The entrance channel neutrgr-3/2 andj=1/2 ampli-  matrix element of 10.9 me\35] and a weak spreading
tudes are essentially always unknown. This uncertainty isvidth nearly an order of magnitude larger than any observed
accounted for sta‘usucally by using the average value of thén 15 other nuclei. The experimental results kbandI",, are
ratio of S3, and S, strength functions, which is described listed in Table V for the nuclei studied by the TRIPLE Col-
by the parametea (a=1.00 for palladium 34]). laboration. The PNC asymmetry in the 156.9-eV resonance

Due to the different level densitid3;, the rms PNC ma- alone gives a smaller and more reasonable valud of The
trix element may be different fod=1=*1/2 states. We as- simplest explanation is the existence of a doublep-oénd

V. RESULTS
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TABLE V. TRIPLE results on level spacings, weak matrix ele- straightforward. However, near 83.1 eV there are pagave
ments and spreading widths. resonances, as is clear in Fig. 2. The width of the transmis-
sion dip near 83.1 eV is wider than the width of the reso-

A D, (€V) M, (meV) T, (1077eV) Reference pance at 72.5 eV. The results listed in Table Il are obtained
93N 190+ 16 <0.6 <0.1 [10] assuming resonances at 82.9 and 83.3 eV. The spins of the
1033 60-5 1.2+05 1.4+12 [11] swave resonances are known, but the spins ofpreave
4pg  220-65  2.3°33 15788 a resonances are not. Since there was no information about the
10504 24+ 0.6'03 0.2 a p-wave spins, the likelihood analysis was performed using
0y 21761 19713 1.0°28 a Eq. (12). The likelihood function for'®Pd is shown in Fig.
07pq 33+4 1.2+98 2.7°28 [12] 3. The value for the weak spreading widthlig=(0.8"3?)

1092 28+3 0.8°93 1.3°25 [12] x 10~ eV, which corresponds to a weak matrix element

13 334 1.3°3¢ 3.2+3% [13] M;=(0.6"53 meV.

19 22+1 0.7:52 3.2t3¢ [14]

17gn 79+ 6 0.6°33 0.3°3% [15]

1215 25+ 3 1.4"99 4.8'88 [16] VI. SUMMARY AND CONCLUSION

E;Sb 26??_2 égéz (1)2%53 Eg PNC asymmetries were measured via the transmission

155 41;4 0 (.)6;%'225 0 Obé%% 18 (7] method on a natu.ral palladium tqrggt. Many new resonances

iy 1o '1118.'32 -4 o 0.004 o were observed in the transmission spectrum, prlmgrlly

” - 102 18 (8] p-wave resonances. Many of the new resonances are in the
U 21+3 0.7703 1.3°06 (9] odd mass isotopé®Pd, due to its higher level density. How-

ever, since there are four primary even-even isotopes
(104106.108,1184) the assignment of these new resonances re-

swave resonances at 593 eV. Since there is no informatic)ﬂuired studies of isotopically enriched targets. Measurements

concerning the energy separation and the strengths of tHY"! these targets were performed withyaay d_etec.tor array,
doublet components, the PNC information obtained from thénd the resulting spectroscopy of the palladium isotopes was

593-eV resonance was omitted from the subsequent anawsgi_scussre]d by Smitkt al. [1;_’]- howed M and
For the even-even palladium isotopes the analysis is, 2" (N €ven isotopes that showed PNC effect™d an

straightforward and one can determine the weak matrix ele- *Pd), the data were analyzed directly in terms of the rms

ment directly. However, since there are only a few statisti-VeaK matrix element and the weak spreading width deter-

cally significant effects, the uncertainties are large. The weaRined from Eq.(13). For the odd mass nuclid§O5Pd the
matrix _elements are (2:,33%) meV for 1%%pd and asymmetries were fitted with the weak spreading width as

the free parameter using E@.2). The rms weak matrix ele-
ment was then determined from the spreading width. For

3Present work.

(1.9°59 meVv for %pPd. The corresponding spreading
widths are T, =(15/79) X107 eV for **Pd and T, 104pg, 10%d, and 1%Pd the matrix elements are of order

_ + 2. — 7 10

_(1'041)-(?))(10 eV for 1%Pd. _ ~1 meV and the weak spreading widths are of order
For 19%d the longitudinal asymmetries were measured_1{x 107 eV. As shown in Table V. the values for the

for 23 p-wave resonances. There are three statistically sig- '

nificant PNC asymmetries. Theo9effect at 72.5 eV is

ax10® |

6x10° |-

COUNTS

4x10® |

7256V —

2x10% |

O 1 1
4400 4450 4500 4550 4600 48650
CHANNEL NUMBER

FIG. 3. Plot of the likelihood function fof%Pd. A total of 23
FIG. 2. Neutron resonances #°%d. There is @-wave doublet p-wave resonances were analyzed and three statistically significant
near 83.1 eV and a singfewave resonance at 72.5 eV. All three of PNC effects were observed. A value Bf,= (O.Sféjg) X107 eV
thesep-wave resonances show parity violation. was obtained.
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