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Neutron Resonance Spectroscopy of 103Rh from 30 eV to 2 keV

Abstract

Neutron resonances in !°3Rh have been measured for neutron energies from 30 to 2000 eV using the time-of-
flight method and the (n,y) reaction. The rhodium resonance spectroscopy is essential for the analysis of
parity violation measurements recently performed on neutron resonances in 1°3Rh. Neutron scattering and
radiative widths were determined, and orbital angular momentum assignments made with a Bayesian analysis.
The s-wave and p-wave strength functions and average level spacings were determined.
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Neutron resonances itf*Rh have been measured for neutron energies from 30 to 2000 eV using the
time-of-flight method and then( y) reaction. The rhodium resonance spectroscopy is essential for the analysis
of parity violation measurements recently performed on neutron resonant®Rin Neutron scattering and
radiative widths were determined, and orbital angular momentum assignments made with a Bayesian analysis.
The s-wave andp-wave strength functions and average level spacings were determined.
[S0556-281®9)06410-9

PACS numbse(s): 25.40.Ny, 11.30.Er, 27.96b

[. INTRODUCTION channel mixing[9]. In order to extract the rms PNC matrix
element from the data, the resonance parameters for both the
Following the observation of an extremely large enhances-wave andp-wave neutron resonances are needed. Al-
ment of parity violation for neutron resonances in heavy nuthough one can average over unknown parameters, this av-
clei [1], a new approach to symmetry breaking has beerraging increases the uncertainty in the determination of the
developed. The symmetry-breaking matrix elements aré@NC matrix elementf9]. Thus a prerequisite for PNC analy-
treated as random variables, and the experimental goal is ttsss is knowledge of the relevant neutron resonance spectros-
measurement of the root-mean-square symmetry-breakingppy.
matrix element. This new approach to parity nonconserva- The nuclide!®Rh seemed an excellent candidate for PNC
tion (PNC) is discussed in recent reviewi2—4]. The measurement, since it is monoisotopic, has a favorable level
TRIPLE Collaboration was formed to study parity violation density (total observed level spacing about 16)e¥nd is
in neutron resonances utilizing the high neutron flux avail-near the d strength function maximum. A number of parity
able at the Manuel Lujan Neutron Scattering Center at theiolations have been observed 1#°Rh [10] by our group.
Los Alamos Neutron Science Ceni@&ANSCE). Our initial ~ With the high neutron flux available at the Manuel Lujan
focus was orf3®U and?*’Th. We observed many parity vio- Neutron Scattering Center, we also were able to improve the
lations in2*8J and 2*2Th and determined a rms PNC matrix neutron resonance spectroscopy'&Rh.
element[5—-8]. These measurements were in the vicinity of
the 4p neutron strength function maximum. To determine
the mass dependence of the effective nucleon-nucleus weak
interaction, it is necessary to perform the PNC measurements The data were measured at flight path 2 of the Manuel
in other mass regions. Since these experiments require thatijan Neutron Scattering Center. The 800-MeV Heam
the p-wave resonances be observable, the most favorabligom the LANSCE linac is deflected and transported to the
other mass region is near theg $eutron strength function Proton Storage RingPSR. The negative beam is neutral-
maximum in the vicinity ofA=100. ized, injected into the PSR, and converted to protons by
The magnitude of the observed PNC effects is proporstripping in a thin foil. The injected beam is stacked onto
tional to the level density, and the average level density initself until protons from the entire linac macropulse are
creases with mass numbér One can compensate for the stored. The net result is that the proton pulse is reduced from
lower average level density at lower masses by studying odcabout 800us to about 250 ns. The extracted proton beam
mass targets in th&=100 region. For targets with spin the strikes a tungsten target, and neutrons are created by the
spectroscopy is much more complicated—tsvwave reso- spallation process. These neutrons are moderated using a
nance spins, foup-wave resonance spins, and entrancechilled water moderatofl1] and then collimated. The neu-
tron energy was determined from the time-of-flight over a
59.4-m distance from source to detector.
*Present address: Gettysburg College, Gettysburg, PA 17325. The detector is an array of 24 @glire crystals placed
TPresent address: Fukui University of Technology, 3-6-1 Gakueraround the interaction target, providing approximatelys3.0

Il. EXPERIMENTAL PROCEDURE

Fukui-shi, 910-8505, Japan. of detection solid angle. The crystals are packed tightly
*Present address: Institute of Physical and Chemical Researdvound the target in two arrays of 12 crystals each, with a
(RIKEN), Saitama 351-0198, Japan. 20-cm cylindrical hole through the middle to allow access
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for the ®Li-loaded polyethylene insert and for the neutron
beam[12—-14. The crystals are 15-cm long wedges that form
annular rings of 20-cm inner diameter and 40-cm outer di-
ameter. The scintillation light from the Csl crystals is de-
tected by photomultiplier tubg®MT). The PMT signals are
converted to logic pulses by constant fraction discriminators,
and these pulses are counted by a multiscaler attached to ¢
averaging memory. The start time of the multiscaler spec-
trum is derived from the proton pulse. In order to reduce the
background a coincidence of two detector signals was re-
quired for an event to be recorded. The multiscaler dwell
time (channel width was set to 100 ns with a spectrum g
length of 8192 time-of-flight channels. This gives a time-of- 3
flight range of 0 to 0.8192 ms, which corresponds to neutrong
energies from 30 eV to 2 keV. More detailed description of &
the detector shielding and electronics is provided by
Seestronet al. [14]. I
The target was assembled from plates of natural rhodiur 90 Lo b0 0 0 0 1w 00 0 b 0 0
metal(100% %Rh, 99.9% chemically puyén the form of a e . B e .
10-cm diameter disk of areal density 2.99 gfcihis target :
was placed directly between the two arrays of Csl crystals.
By comparison with known resonances, a number of impu-
rities were identified—ruthenium, palladium, silver, iridium, 8
platinum, and gold. By fitting to strongrwave resonances in 3 P T SR S S

these nuclei, the amount of each contaminant nuclide was 5% 1600 1700 1800 1900 2000
determined. Using known resonance parameters the effect
of these contaminant resonances were included in our analy- Neutron Energy (V)

sis. A typical spectrum measured in this experiment is Shown g1 1 Neutron time-of-flight spectrum fd?*Rh. The spectrum
in Fig. 1. The number of counts in each Qu& time-of-flight {5 1 t0 30 eV has been relatively normalized to the data from 30
bin is plotted versus neutron energy. to 2000 eV and plotted on the same scale.

Il RESONANCE STRENGTHS the ones-wave resonance at.95 eV is visible as a brpad
shoulder on the high energy side of the resonance. Multiple-
The time-of-flight spectra were analyzed using the fittingscattering effects are discussed below. As is clear from the
code FITxs [15]. This program was developed by the figure, the resonances were all well fit with thgxs code.
TRIPLE Collaboration for the analysis of neutron reso- The data were corrected for the detector dead time, or
nances, where the neutrons are created with a moderatedunt rate efficiency. The neutron flux for the experiment
pulsed neutron beam. The analysis program can be used teas as high as the-ray detector allowed, since very good
determine resonance parameters for data measured by neatistics were needed for the parity violation measurements.
tron transmission or by radiative capture. The code include3he normal high count rate runs were compared to a run that
all major resolution effects that are observed in the neutronvas taken with one tenth of the high count rate in order to
time-of-flight spectra. Effects of moderation time, detectordetermine the count rate efficiency. Both the efficiency due
efficiencies, beam length, target temperature, pulse widthtp count rate, and the differences in background were then
etc., can be included, and the resonance paramekgys ( corrected in the high count rate runs. The other calibrations
gl',, and totall’,) can be determined by fitting directly to could then be performed by starting with the known reso-
the data. Details of the application of this analysis progranmance parameters fdf*Rh [16,17.
are described by Crawforet al. [7]. A time offset(from the beginning of the multiscaler data
A sample fit for a time-of-flight region near 100 eV is was observed in the spectra. This offset was a constant for all
shown in Fig. 2. In the figure neutron counts per @& data measured during that beam cycle and has the value
time-of-flight bin are plotted versus time-of-flight, with the 1.55+0.05us, where the error in the offset is one half the
fit to the data shown as a solid curve. Most of the majormultiscaler dwell time. The beam length for the time-of-
analysis difficulties are illustrated by this figure. There areflight measurements was determined by fitting peaks to the
five p-wave resonances and osavave resonance itf®®Rh  energies of known neutron resonances. This calibration was
in this energy range, and there are also resonances from igperformed using resonances from all targets placed in the
dium, palladium, and platinum, along with the background.beam during that run cyclel®Rh, 17Sn, 27, and 232Th.
The contaminant resonances and the rhod@awave reso- In practice the?*?Th resonances provided the greatest accu-
nance must be fit along with the rhodiymwave resonances racy for the neutron resonance energies and the best deter-
in order to determine the resonance parameters accurately. imination of the flight path length, which was 59.390
this section of the spectrum the multiple-scattering peak for=0.014 m. The errors in determining the flight path length
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and the time offset are the dominant systematic errors in thpreciably. However, trace amounts of manganese did reduce
measured energies of the neutron resonances, since the diae neutron flux in the vicinity of the large neutron resonance
tistical errors on the energy measurement are on the order @f manganese near 340 eV.

0.001%. The energy dependence of the neutron flux is known to be

A problem in the data analysis was the presence of neua power law in the neutron energ$,(E)=cE P [19]. Fit-
tron capture after multiple scattering in the sample. In outting the data to known neutron resonance parameters led to a
rhodium target, approximately 10% of incoming neutrons5% uncertainty in botlt and p. The uncertainty in the ex-
were scattered in the first interaction duestavave potential ponent is governed by the accuracy of the resonance param-
elastic scattering. Detailed numerical estimates of theeters for'®Rh. Other data measured that year included neu-
multiple-scattering contribution have been performed with aron flux measurements witfHe scintillation detectorg20].
Monte Carlo codg 18] for a parallel experiment oA'’Sn  The energy dependence of these detectors was determined
performed under the same experimental conditions. Since theery accurately, providing a precise determination of the
rhodium target is a factor of two thinner than the tin target,power-law exponent in the neutron flux, namegly- 0.956
the multiscattering corrections should be smaller. The neu0.001. The neutron flux was then fit to the kno#HiRh
tron energy loss averaged over all scattering angleSHs data, resulting in a final error of 5% in the neutron flux. This
=2E/A, and neutrons with an enerdy=Ey+ AE higher  uncertainty is the dominant error in the measured neutron
than the resonance ener@y; are effectively captured after widths, since the statistical error is about 0.1%.
scattering. Multiple scattering produces an additional peak or The capture widths could not be determined for all mea-
shoulder at the higher energy side of a resonance in the timsured resonances. Often there were resonances from other
of-flight spectrum depending on whether th€& value is  nuclei close to the energy of ¥3Rh resonance, and these
larger or smaller than the resonance widith our case, the overlapping resonances made it difficult to determine the
observed experimental width is determined by the Doppleresonance line shape. For a number of the weakemave
width below E=200eV and the instrumental width above resonances, the small number of counts in the peak over a
200 eV). For most of the resonances below 1 keV, the sec-
ondary peaks could be approximated as artificial peaks,
which minimized their influence in fitting the actual reso-
nances.

The neutron flux and detector efficiencies were calibrated
by fitting to known resonance parameters fawave and
p-wave resonances it*Rh after subtracting the multiple
scattering peaks. There might be different detector efficien-
cies fors-wave andp-wave resonances, due to the differing
multiplicities of the capturey-rays produced. However, our
analysis gave the same efficiency for the two types of reso-
nances. Before the neutron flux could be determined by fit-
ting to resonance parameters, effects due to material in the FIG. 3. Cumulative number af-wave resonances. The line is a
beam line had to be included. The beam passed through thimear fit to all data. The valu®,=44.9 eV is thes-wave level
aluminum windows that did not affect the neutron beam ap-spacing corrected for missing levels.
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FIG. 5. Cumulative neutron reduced widths f§fRh s-wave
resonances. The line is a linear fit to data below 1200 eV.

FIG. 4. Cumulative number g¥-wave resonances. The line is a
linear fit to data below 850 eV. The vali®, =14.3eV is the ob-
servedp-wave level spacing.

method. This method was also used in earlier experiments,
limited number of data bins made it difficult to determine thewhere the] values of the 929.5-, 1272-, 1306-, 1364-, 1567-,
radiative widths for these states. Determination of the  and 1795-eV resonances were inferred in this manbéy.
value depends critically on knowledge of the resonance spirBoth sets of results are listed in Table I, and whether the
The spins of many of the-wave resonances were deter- resonance spins were determined in the present work or in
mined in earliery-ray cascade experimenf&1]. In these earlier measurements is noted.
previous measurements the spins were determined for 25 The background in the data was determined in each fitting
s-wave resonances up to 1.2-keV neutron energy. In théange, where a fitting range included one to eight resonances.
present work no individuaj-ray spectra were measured, but The background was assumed to have a quadratic energy
the spins of a number afwave resonances were determineddependence, and was fit to the data in a given range and
from the relationship between the neutron width and the totagubtracted.
capture width[22]. The results of the neutron parameters obtained from our

In neutron capture measurements the area of the peak @&halysis are listed in Table I. The major limitation in the
determined by botiyl’, and the radiative widtfi",. When  resonance analysis arose at higher energies due_to re_sqlution
gl', is small compared t(Fy, the peak area is mainly sen- limits. Above about .1500 eV there gre often an insufficient
sitive togI",, so that an average value Bf, may be used in number of data points for a detailed analysis—the reso-
fitting the resonance. IfiT,, is stronger there are problems nances are spread over too few channels. For completeness
determining its value from a single capture experimentWe have included in Table | resonance parameters from ear-
WhengT',, is within a factor of two of,, then the neutron lier measurements when appropriaf6,17,21. In the
width cannot be determined from the present data. QualitaPrésent experiment six new resonances were identified in
tively this is clear from the expression for the limiting case " Rh; these are indicated in Table I. These new identifica-
of a thin sample tions were all forp-wave resonances that were not observed
before because of lower neutron flux. Although the uncer-
tainty in the neutron flux limits the accuracy of our reso-
nance analysis, the greatly increased neutron flux in the
present experiment relative to earlier experiments is a major
advantage. In practice we were able to increase the accuracy
of the s- andp-wave neutron widths in the region above 150
eV. This high statistics measurement also enabled the deter-
mination of new radiative widths for 12 resonances, of which
five were p-wave resonances and seven wsi@ave reso-
nances. From these an average radiative widthsfarave
and p-wave resonances was found, and these are listed in
Table Il. These values are consistent with the systematics of
radiative widths[17]

1 1 N 1 0
ar’,’

A, (l'y)

Her.eA_y is the properly normalized capture area anis the
statistical factor

(2941
NFEEFIESIR @

whereJ is the total angular momentum of tisewave reso-
nance|l is the spin of the target nucleus, ang the spin of
the captured neutron. FdP3Rh, J can be either 0 or 1,
=1/2, andi=1/2, which results irg=1/4 for J=0, andg
=3/4 for J=1. The radiative width for the different neutron
resonances should be approximately constant. Since there is
a large difference between for the differentd values, dif- After the neutron resonance parameters were determined
ferent assumptions for the resonance spin result in large difrom the data, the probability that a resonance s+asave or
ferences in the determination of the radiative widtigllif, is ~ p-wave was estimated. The estimate that a given resonance
close to the value of the average radiative width, an incorredhas an orbital angular momentum of one was calculated with
assumption ford can result in an unphysical value of the a Bayesian analysis. This analysis, developed by Bollinger
radiative width. For the 1619-, 1696-, 1819-, and 1980-eVand Thomag23], assumes that the neutron reduced widths
resonances thel value could be determined with this obey the Porter-Thomas distribution. Because of the large

IV. ORBITAL ANGULAR MOMENTUM
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TABLE . Neutron resonance parameters f§fRh. Some parameters from previous experiments are
included(from Ref.[17]) for completeness. The angular momentuwas determined by a Bayesian analysis
(see text, and the calculated probability that the resonancel kak is listed in the column labeled B.P.

Energy(eV) J | B.P. gl’, (meV) I, (mev) gl'l, (meV)
1.257£0.002 1 0 0.00 0.390.01 155+ 5 0.343+0.009 a
34.46+0.02 1 0.97 0.01180.0006 154 3 30.3:1.5
44.47+0.02 1 0.98 0.00280.0001 4.90.2
46.84+0.02 1 0 0.22 0.380.02 169+ 4 0.0570.003
51.92+0.03 1 0.98 0.000880.00004 1.230.06
68.33+0.03 1 1 092 0.1520.008 183-16 141.06+7.1
83.51+0.04 1 0.97 0.00760.0004 1311 5.2:0.3
95.71+0.05 1 0 0.03 1.660.08 179-13 0.16-0.01
98.77+-0.05 1 0.96 0.0580.003 178-19.58 31.1*1.6 b
108.78-0.06 1 0.96 0.00920.0005 10680 4.2+-0.2 b
110.8G+0.06 1 0.95 0.1260.006 152-16 55.8:2.8
112.62+0.06° 1 0.96 0.0083:0.0004 3.6:0.2
113.99+-0.06 1 0.95 0.0870.004 19617 37.1x1.9
125.57#0.07 1 0 0.00 4F0.2 182+20 0.42+0.02
154.57#0.09 0 0 0.00 565 170+20 4.0-0.4 c
179.32+0.10 1 095 0.1250.006 17420 26.9-1.3 b
187.18-0.11 1 0 0.00 31.21.6 148+17 2.3t0.1
199.69-0.11 1 095 0.0420.002 7.70.4
205.01+0.12 1 095 0.0760.004 1806-60 13.4£0.7 b
251.13+0.15 1 094 0.07Z20.004 10.¢:0.5
253.94+0.15 1 0 0.00 31.61.5 16730 1.9-0.1 b
263.12+0.16 1 0.88 0.9%0.05 218-50 110.9:5.5 b
264.21+0.16 1 0.92 0.3¢0.02 46.5-2.3
272.32+0.17 1 0 0.00 51.682.5 160+20 3.1+0.2 b
289.90+0.18 1 0 0.00 10.£0.5 154+40 0.59+0.03 b
312.46+0.20 1 094 0.1140.006 10.70.5
319.770.20 1 0 0.00 67.57.5 16017 3.8£0.4 [
321.63:0.20 1 0.90 0.7%0.04 69.1-3.5
327.75£0.21 1 0.93 0.350.02 18360 30.%x1.5 b
353.89+0.23 1 094 0.0760.003 5.4-0.3
362.49+0.23 1 0.93 0.280.01 21.x1.1
366.30:0.24 1 0.86 1.4&0.07 132t25 109.15.5 b
373.93:0.24 1 0.92 0.420.02 16480 30.4+1.5 b
376.31+0.25 1 0.93 0.1130.006 8.0:0.4
388.62:0.26 1 0.93 0.2120.011 14.3-0.7
406.24+0.27 1 0 0.12 9.50.5 18230 0.470.02 b
427.59+0.29 1 093 0.0860.004 5.0:0.3
432.91+0.29 1 0.90 0.880.04 50.6:2.5
435.71+0.30 1 0 0.00 13320 14715 6.3-1.0 d
443.93+0.30 1 0.93 0.2020.010 11.2:0.6
447.06-0.30 1 0.93 0.1360.007 7.4-0.4
449.99-0.31 1 1 0.79 3.010.15 14750 163.3+8.2 b
472.83-0.33 1 0.90 0.920.05 46.3+2.5
479.15-0.3F 1 0.93 0.0510.003 2.50.1
486.44+0.34 1 0.90 0.96:0.06 46.4:-2.7
489.23+0.34 1 0.92 0.1350.008 6.5-0.4
492.01+0.34 1 0.85 2.30.1 16150 107.16.4 b
504.70+0.36 1 0.92 0.460.03 20.8:1.3
526.01+0.37 1 0.91 0.66:0.04 25.9-1.8
546.970.39 1 0.92 0.0650.005 2.6:0.2
555.530.40 1 0 0.00 6515 181+20 2.8-0.6 c
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TABLE I. (Continued)

Energy(eV) J |  B.P. gl', (meV) I, (mev) gl'!, (meV)
560.35-0.41° 1 0.92 0.210.02 8.10.6
581.76:0.43 1 0.88 1.60.1 15140 60.4t5.0 b
603.30:0.45 1 0.91 0.350.03 12.3+1.1
604.78+0.45 1 0.88 1.770.16 61.7-5.4
607.37£0.45 1 0.92 0.160.01 5.4-0.5
620.71+0.46 1 0.77 4704 156.2-14.3
644.340.49 1 0.90 0.820.09 28.2:2.7
646.370.49 1 0 0.04 23.42.3 164+18 0.92+0.09 b
657.62+0.50° 1 0.91 0.14-0.01 4.3-r0.4
663.49+0.51 1 0.77 5.60.5 185t45 152.1+15.2 b
676.46:0.52 1 0.88 1.80.2 12670 52.4t5.4 b
683.340.53 1 0.87 2.30.2 11465 67.9:7.0 b
692.08+0.54 1 0 0.03 26.62.8 164+30 1.0t0.1 b
699.43+0.54 1 0.89 1.20.1 36.2:3.9
702.33t0.55 1 0 0.00 22620 17720 8.3+0.8 c
727.12+0.57 1 0.90 0.86:0.10 22. %25
733.96+0.58 1 0.91 0.074:0.008 1.9:0.2
741.63t0.59 1 0.88 1.80.2 47.0:5.3
746.79-0.59 1 0.91 0.150.02 3.7#0.4
757.96-0.60 1 0.90 0.7£0.08 17.72.1
759.66+0.61 1 0.87 2.30.3 57.2:6.7
782.60+0.63 1 0 0.46 13.Z21.6 14128 0.49+0.06
796.51+0.64 1 0.86 3.604 68.1-8.3
827.930.68 1 0.91 0.020.01 2.0:0.3
830.66+0.68 1 0.87 2.%0.3 46.1-5.8
845.35:0.70 1 0 0.00 11520 17020 4.0£0.7 c
867.69-0.72 1 0.90 0.430.06 8.8:1.2
885.22t0.74 1 0.90 0.4¢0.07 9.741.3
894.92+0.75 1 0.79 6.20.8 129+80 119.9-16.2 b
913.82:0.77 0 0 0.06 34848 14520 1.2£0.2 b
929.45+0.79 [1] 0 0.02 44.7-6.2 152+25 1.5-0.2 b
942.13+0.81 [0] 1 0.90 0.46:0.06 204-50 7.2-1.0 b
955.05+0.82 0 0.20 27.43.9 0.9+0.1
969.11+0.84 1 0.90 0.210.03 3.7#0.5
989.78+0.86 1 0.89 0.70.1 11.2+1.6
1001.32-0.88 1 0.89 0.90.1 15.12.2
1007.84-0.88 1 0.90 0.2€:0.03 3.2£0.5
1017.13:0.90 1 0.90 0.1%0.03 2.7%0.4
1024.06-0.90 1 0.87 2.+x0.3 33.6:5.0
1027.66-0.91 1 0.88 1.70.3 27.14.0
1065.23-0.95 1 0.89 0.210.03 3.2-0.5
1070.99-0.96 1 0.89 0.450.07 6.6-1.0
1076.25-0.97 1 0.79 751.1 17380 109.716.9 b
1082.0x-0.97 1 0.89 0.56:0.08 7.3t1.1
1092.33:0.99 1 0.89 0.4%0.07 6.741.0
1098.66-0.99 1 0.89 0.66:0.09 8.6:1.3
1110.2£1.0 1 0 0.60 16.72.6 17140 0.50+0.08 b
1121.5:1.0 1 0.89 0.490.08 6.8-1.1
1151.74+1.1 1 0.88 1.40.2 18.2+2.9
1154.2+1.1 1 0 0.17 37.66.0 24350 1.1+0.2 b
1189.5+1.1 0 0.55 20.53.3 0.6-0.1
1195.9+1.1 0 0 0.00 150.6682.5 224+60 4.3t2.4 (o]
1201.6+1.1 1 0.87 2.%0.4 33.4t5.5
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TABLE I. (Continued)

Energy(eV) J I B.P. gl (meV) T, (meV) gl'! (meV)
1205.6-1.1 1 0.89 0.5320.09 6.651.1
1211.4+1.1 1 0.87 2.30.4 28.7%4.7
1244.8+1.2 1 0.86 2.70.4 31.6:5.3
1261.5-4.0 1 0.88 0.90.2 9.8:2.0 a
1271.8:1.2 [1] 0 0.00 300-100 185-30 8.4-2.8 c
1276.5:4.0 1 0.87 2.52.0 28.4-22.7 a
1279.0:1.2 1 0.85 4.30.7 46.5-7.9
1286.4+1.2 1 0.86 2.80.5 32.0:5.4
1306.0+1.3 [1] 0 0.05 61.7410.6 15435 1.7+0.3 b
1324.9+1.3 0 0.52 25.%4.3 0.70.1
1353.1+1.3 1 0.87 1.20.3 17.4-3.0
1364.5:1.3 [1] 0 0.41 31.7%5.6 184+50 0.9-0.2 b
1379.7+1.4 1 0.86 2.50.4 25.8-4.6
1392.2+1.4 1 0.86 3.%0.6 31.3t5.6
1406.9-1.4 1 0.70 16.%23.0 164.2:29.3
1410.6:1.4 1 0.87 1.20.3 16.8:3.0
1432.6:1.4 1 0.82 7.%1.3 67.9:12.2
1452.3+1.5 1 0.86 2.40.4 22.654.1
1462.7+1.5 1 0.88 0.60.1 6.0-1.1
1482.4+1.5 1 0.82 7.41.3 66.9-12.2
1485.8+1.5 0 0.64 22.64.0 0.6:0.1
1510.2:1.5 1 0.87 0.90.2 7.8:1.4
1530.3+1.6 1 0.85 4.40.8 37.9:7.0
1542.8-1.6 0 0 0.00 127.67.0 122t61 3.2+0.2 c
1552.0+1.6 1 0.86 3.%0.6 26.655.0
1561.8-1.6 1 0.79 10.42.0 87.8:16.4
1566.8-1.6 [1] 0 0.02 99.@6.5 138t41 2.5+0.2 c
1615.9+1.7 1 0.87 1.30.3 10.6t2.0
1619.0+1.7 1 0 0.00 207.6¢:9.3 152+43 5.1+0.2 b
1647.7+1.7 1 0.87 0.80.2 6.1+1.2
1665.3+1.8 1 0.86 2.60.5 19.7-3.8
1669.9+1.8 0 0.54 32.86.3 0.8:0.2
1696.3+1.8 1 0 0.00 218.59.9 17146 5.3t0.2 d
1709.5-1.8 1 0.86 2.20.4 16.3t3.2
1735.1+1.9 1 0.81 9.#1.8 65.0:12.7
1751.5-5.0 1 0.87 1.+04 7.6:3.0 a
1764.4-1.9 1 0.77 14.62.8 98.4-19.3
1780.9+1.9 1 0.86 2.305 15.9-3.1
1794.8+2.0 [1] 0 0.24 63.55.1 195-70 1.5:0.1 c
1806.0+5.0 1 0.86 1.#0.5 7.1+3.6 b
1819.6:2.0 1 0 0.00 334.:16.7 219+52 7.80.4 d
1831.2:2.0 1 0.86 1.40.3 9.5:2.0
1836.8+2.0 1 0.84 4.30.9 28.3t5.7
1842.1+2.0 1 0 0.45 45.64.5 1.0:0.1 d
1849.2+5.0 1 0.86 2.30.7 15.0t4.5 a
1882.0:2.1 1 0.86 1.40.3 9.1+1.8
1890.2+2.1 1 0.86 1.60.2 6.651.3
1903.0+2.1 1 0.80 10.42.1 65.3:13.2
1917.5-2.2 1 0.85 2.20.5 13.8:2.8
1940.1+-2.2 1 0.84 5.61.0 30.6+6.2
1952.4+2.2 1 0.85 3.%0.7 22.1+4.5
1966.2+2.2 1 0.85 2.70.6 16.3t3.3
1980.8:2.3 d 0 0.03 134.6:7.4 158t59 3.0+0. 2 d
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TABLE I. (Continued)

Energy(eV) J [ B.P. gl (meV) T, (meV) gl'!, (meV)
1994.0+2.3 1 0.85 2.40.5 14.22.9
2008.0t2.3 1 0.73 11.22.3 64.4-13.3
2019.4t2.3 1 0.89 1.80.4 10.0:2.1

8All resonance parameters from RgL7].

bT, from Ref.[17].

“New resonance energgl’, andI",, from Ref.[17].

491, from Ref.[17].

®New resonance identified in this work.

fSpin assignment from this work; see discussion in Sec. III.

difference in penetrabilities fos-wave andp-wave reso- duces the sum of (B+1)=9. From the ratio of these sums
nances, most of the stronger resonancessasave and the one gets a (B.P¥)=9/(4+9)=69%. Of course the assign-
weaker resonances goavave. The Bayesian probability of a ment is less reliable when the probability B.P. is close to the
resonance being wave is[24] (B.P.)* value.

The functionsc'(E) are

Bp 1+4 4S5,c”(E) ‘R)?
P=|14 5 Vasore 1+ (kR
e
grc®E) (1 3cX(E) \])7*
XeXP T Top, 1S, 4S,c%E) + 3 and for the nuclidé®Rh, forI=0 and 1,
whereS, and S, are thes-wave andp-wave strength func- o(E) = 1 nd cl(E)= 1 [4.6x10
tions, D, is the averags-wave level spacing, angll, is the c(B)= VE(eV) and e(®)= VE(ev) | E(eV) )
neutron width of the state in question. A resonance was as- (6)

sumed to be wave if the probability B.P. was greater than o s
69%, ands wave if the probability was less than 69%. To Where the nuclear radius is assumed toRse1.35A™*fm.
clarify this choice, we remind the reader that the BayesiarThe probabilities depend on tisewave andp-wave strength

conditional probability is defined as functions, and on the averagewave level spacing. The
strength functions were determined in the usual way, by
P*P(gly|l=1) summing the reduced width over a range of energies
B.P(I=1|gl'y)

TPy P(gl,|1=1)+Py*P(gT,|=0)’ 1
4 - |
® S=@rnag= 9 (7)

whereP, andP, area priori probabilities for the resonance . .

to bes or p wave andP(gl',|l=0), P(gl',|l=1) are the and the reduced widths were calculated in the usual way
Porter-Thomas probabilities for a gived', value assuming 17],

the s- or p-wave nature of the resonance. The B.P. becomes gFI =c'(E)gT ®)

the (B.P.Y if one accepts the choice of equal Porter-Thomas n n

probabilities as a criterium for dividing resonances by parity. The values of the strength functions change as the orbital
With the assumption of the 2+ 1) law for level densities, angular momentum assignments are made. This process of
one gets (B.PX)=67% for all nonzerd nuclei, except those assigning resonances with this probabilistic argument, and
of nuclear spin =1/2, which is the case fol®®Rh. For this  then determining the strength functions and level densities
target there are two spind=0,1, for s-wave resonances, was iterated until the values stabilized. The final values for
and this produces a sum of {2 1)=4; and forp-wave the strength functions and level spacings were insensitive to
resonances there are three total spihs0,1,2, which pro- the change of one or two resonance assignments. The final

TABLE II. Average radiative widths, level spacings, and strength functiong%f&h.

Values (To) (MmeV)  (T,1) (meV) Dy (eV) D, (eV) S (107 %eV) S, (10 %eV)

current 164+4 155+6 44.9+3.1 14.3-3.1 0.43-0.08 8.8:1.2
previou$ 16015 16+1 0.53+0.05 5.5:0.9

&alues from this work. Uncertainties ¢F' o) and(I" ;) are calculated from variances of the corresponding
I",, distributions.
byalues from Mughabghabt al.[17].
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T T T T T T
P—waves . - S—waves |
S, = 8.81¥107* eV e

Cummulative Number

Cummulative Reduced Strength (eV)

o I I L
0 500 1000 1500 2000

Energy (eV)

x=gT,0/<gl">

FIG. 6. Cumulative neutron reduced widths f8FRh p-wave

L . - FIG. 7. Cumulative neutron reduced width distributions for
resonances. The line is a linear fit to data below 850 eV.

s-wave resonances compared to the Porter-Thomas distribution.

probabilities are listed in Table | under the column labeled e Y2 grln
B.P., along with the neutron resonance parameters. P(y)= ,  Where y= . 9
g p (y) \/ﬁ y <§1_F'n_

From these assignments, plots of the cumulative number

of states as a function of energy were made and compared | Figs. 7 and 8, the cumulative numbers of resonances are
the values for the average level spacings. These are shown i mpared with the integral of the Porter-Thomas distribu-
Figs. 3 and 4. Plots of the cumulative reduced strength fofjon ~ Since states of smaller size are more likely to be
s-wave andp-wave resonances are shown in Figs. 5 and 6mjssed, the integral of the distribution is shown from larger
Above a certain energy resonances are missed because of fgesmaller values. We note that the total number of levels
decreasing experimental resolution. In plots of the cumulaunder the full theoretical distribution is 8% larger than the
tive number of states or the cumulative reduced strength, thisumber of levels in the theoretical distribution above yhe
is indicated by the experimental curve falling below the lin- =102 cutoff shown in the figures. The theoretical curves on
ear extrapolation, where the lines are linear fits to the data ifrigs. 7 and 8 were normalized by making fits to the experi-
the low energy regions. The average level spacings are derental histograms in the region of &z2<<5.0—the region
termined from the range of energies over which the cumulawhich is least prone to the missing levels. Comparison with
tive number of levels is linear. The determination of thethe histograms indicates that about 10% of $heave reso-
strength functions was also limited to these energy range$iances have been missed below 1.2 keV, and that about 22%
Over limited energy ranges the measured curves agree wif the p-wave resonances have been missed below 850 eV.
the linear extrapolations, but for both and p-wave reso- For a sequence of compound nuclear states with the same
nances the measured curves fall away above these limiteyMmetry, the level statistics are expected to obey predic-
energy ranges. Of course, while a strong deviation from lintions of the Gaussian orthogonal ensemble version of ran-
earity is a clear sign that levels are being missed, the oppdlom matrix theory[26,27. To a good approximation, the
site is not true. If a constant fraction of the levels is missedN€arest neighbor spacing distribution should obey the
then the plots are still linear. Thus one uses data in the lineaf/igner distribution
range as a starting point for more detailed analysis. For - D.
s-wave resonances this energy cutoff is about 1200 eV, and P(x)= =xe~ (ﬂX2/4), where x= —"—.
for p-wave resonances the energy cutoff is about 850 eV. 2 (D)
The ch0|c_:e of 850 eV fop waves is clear from consider- The other extreme, corresponding to no level repulsion or
ation of Figs. 4 and 6. F®s-wave levels we choose 1200 eV | . ; . ST

o L long range correlations, is the Poisson distributer. In
to reduce uncertainties in results due to the statistical unreh(—)ur experiment there are two spins for thevave resonances
ability of the Bayesian procedure whdp=(B.P.)*. The
strength functions and level spacings determined from these .
energy regions are listed in Table Il. The strength function - P—waves
values are consistent with those values determined from pre-
vious measuremen{d 6,17, while the spacing value is not.
We assume that the value listed in the compilation is a typo-
graphical error, since the value quoted there is inconsistent
with the actual table of resonance parameters listed by
Mughabghaket al. [17].

(10

40 60

Cummulative Number

20

V. STATISTICAL TESTS x=el 1/ <gr, >

The distribution of the neutron reduced widths is expected FIG. 8. Cumulative neutron reduced width distributions for
to agree with the Porter-Thomas distributidv,25 p-wave resonances compared to the Porter-Thomas distribution.
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60

T
S—waves

20

40

10

Cummulative Number
Cummulative Number

— - - Wigner 7S - - - Wigner
——— Poisson 47, - Poisson
--------- Mixed w <o Mixed
o 1 1 = I 1 1 1
2 3 4 0 1 2 3 4
x = Dy / <Dy> x =D, / <D,;>
FIG. 9. Nearest neighbor spacing distribution for thevave FIG. 10. Nearest neighbor spacing distribution for fh&ave

resonances up to 1000 eV. The experimental distribution is comresonances up to 1000 eV. The experimental distribution is com-
pared with the Wigner distribution, the mixed two-sequence distri-pared with the Wigner distribution, the mixed three-sequence dis-
bution (see text, and the Poisson distribution. tribution (see text, and the Poisson distribution.

and three spins for th@-wave resonances. Therefore we mentum assignment was performed with a Bayesian analy-
should observe a linear combination of teewave GOE SIS+ In the present experiment 90% of #evave resonances
below 1.2 keV, and 78% of thp-wave resonances below

sequences and thrggwave GOE sequences. The relative .
weight is determined by the relative level densities. For this850 eV, were observed. In this energy range new values were

. ! . . calculated for the average level spacing and strength function
target nucleus—uwith spin 1/2—the appropriate relative deng, ., o \vave andp-wave resonances. These results are
sities are 1/4 and 3/4 for thewave resonances, and 1/9, 3/9, consistent with previous measurements. These resonance pa-
and 5/9 for thep-wave resonances. The numerical results ar

A ) Y ameters were then used in the analysis of parity violation
plotted in Figs. 9 and 10 for the Wigner distribution, the y party

lo . . . . B
Poisson distribution, and the mixed Wigner distribution, anddata on"*Rh [28] which will be described in the following

compared to the data. The distributions are normalized to thgaper.
data such that they agree at infinity. Considering the fraction ACKNOWLEDGMENTS
of levels missed the agreement with the GOE prediction is
reasonable. W. M. Snow, C. Keith, and D. Rich provided data on
neutron flux measurements withle, which were crucial for
VI. SUMMARY our analysis of the present data. The authors would also like
to acknowledge W. S. Wilburn for valuable discussions dur-
We have measured neutron resonance¥’¥Rh from 30  ing the preparation of this paper. This work was supported in
eV to 2 keV using radiative capture. A total of six new part by the U.S. Department of Energy, Office of High En-
resonances were identified in this work. We also have inergy and Nuclear Physics, under Grant Nos. DE-FG02-97-
creased the accuracy in the determination of the resonan&@R41042 and DE-FG02-97-ER41033, and by the U.S. De-
energies and most of the neutron widths, as well as the rgpartment of Energy, Office of Energy Research, under
diative widths for 15 resonances. The orbital angular mo-Contract No. W-7405-ENG-36.
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