PHYSICAL REVIEW C, VOLUME 62, 014608

Neutron resonance spectroscopy fon+°2Cr: Total and differential elastic
scattering cross sections

R. F. Carlton
Physics& Astronomy Department, Middle Tennessee State University, Murfreesboro, Tennessee 37132

J. A. Harvey, D. C. Larson, and N. W. Hill
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831
(Received 22 December 1999; published 9 June 2000

Neutron total and elastic scattering cross sections have been measured over the neutron energy range
0.040-1.55 MeV. Spins and parities have been deduced for 90% of the resonances observed:-itt@ne
reaction up to 1.05 MeV. This work brings into doubt a previously claimed parity dependence of the level
spacing in®3Cr. We have used aR-matrix analysis to obtain resonance parameters for 194 resonances up to
1.05 MeV and strengths and level spacings for partial waves up to and incldglindgrhe conventionas-, p-,
andd-wave strength functions have been determined to be 8.6, 0.44+-0.08, and 2.9 0.4, respectivelyin
units of 10°4). This is the first work to report-wave strength in this nuclide, identifying 87 additional
resonances in this group. This, in turn, has resulted in a significant increase pvthee level spacing
compared to that of two other similar works. Evidence is presented to explain differences among evaluated
nuclear data files for this nuclide in terms of the influence of the strength outside the region upon the
background cross section.

PACS numbgs): 24.30.Gd, 25.40.Dn, 27.40z, 29.30.Hs

. INTRODUCTION 52Cr have been analyz€@®,6] up to a neutron energy of 1

The number of past investigations of neutron interactiongvie\/. As many as 200 resonances have been obsdiled
with S_ZCF is, from a practical standpoint, related to its pres-and strength functions and level spacings have been deduced

ence in structural components of nuclear reactors. From g s and p-wave interactions with thé2Cr nucleus. Total
theoretical standpoint this nuclide is of interest due to0 theynq integrated elastic and inelastic-scattering cross sections,

magic number of neutrons in the nucleus. These studies haygy o, from numerous data sets over the neutron energy range
included capture cross sectiphy], transmission2,3], elastic 1-9 MeV, have been usdd] to explore the optical model

and inelastic-scattering measurgme{m]s and cqmpmaﬂons I1Dotential for this nuclide and deduce model parameters.
thereof[5,6]. Each of these provides characteristic and ofte ) -
The first capture- and transmission-study probed rihe

unique information on the interaction process between neu- 520y int i ; imately 250 keV ¢
tron and target nucleus. Capture measurements providJé r5|n irac 'OE up oapproxmaefy €V neutron en-
nuclear level information derived from narrow resonance<"9Y [5]- Later the energy range of transmission measure-

that are often unobservable in transmission measurement3I€Nts was extendg@] to 900 keV with the increased reso-
The R-matrix fitting of total cross-section data deduced from!ution afforded by the 80-m flight path of the Oak Ridge
transmission measurements yields resonance parameters gectron Linear AcceleratdiORELA). These data were ana-
average structure properties, such as strength functions af¢ged using a multileveR-matrix formalism to deduce neu-
the externaR functions. In favorable cases these total crosgron energies, neutron widths, and spin and parity assign-
sections may be the arbiter of spif) assignments through ments. Without the aid of complementary scattering
the peak cross section of the resonance. Elastic-scatteringeasurements, however, the assignment"ofalues on the
measurements are well suited to the determination of théasis of resonance asymmetry alone can be highly subject to
parity of a resonance through the unambiguous asymmetmnisassignment. There is no evidence that the use of reso-
differences manifested in the elastic scattering cross sectioms@nce asymmetry, as a basis o determination in that
at forward and backward angles and of the spin of a resostudy [3], included any sources other than the resonance-
nance through differences in peak height. Inelastic-scatteringotential scattering interference as dictated by the interaction
cross sections often provide spin and parity information forradius assumed in the analysis. This can result in an incorrect
excited states of the target nucleus. assessment, especially near regions of enhanced neutron
Past capture measurements have been restricted, by restrength of a particulad component. For example, since
lution limitations, to energies less than approximately 500°%Cr is near the 8 size resonance, there clearly will be
keV. Capture is a sensitive probe at low neutron energiess-wave strength above the neutron energy range of the analy-
often revealing resonances that are not detected in transmisis. It has been well establishgd that this external strength
sion studies. In the case 6fCr, for example, only 19 of the results in an additional contribution to the resonance-
36 resonances seen below 200 keV in one capture study apetential scattering interference for that partial-wave compo-
also seen in transmission studigd, whereas between 200 nent. This can be modeled through fictitiodemmyreso-
and 500 keV, 50 of the 59 resonances observed in transmisiances or through a logarithmic formulation as discussed in
sion are also seen in capture. Transmission measurements 8ec. Ill. Except forsswave resonances, spin and parity as-
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signments that are based upon observed resonance asymroemparisons to predictions of an optical model, to determine
tries in transmission alone are thus highly suspect, especiallgptical potential well parameters. This will be the focus of a
when ignoring the influence of such external strengths. future paper.
Parity dependences of the level densities have been dis-
cussed 3], the above caveat notwithstanding. The most re- Il. EXPERIMENT
cent transmission study6] included measurements at four
different flight paths at the Geel linac facility. This study also
included capture measurements up to 500 keV, but onl
nominally increased the energy range in the transmissio
measurements. Since the flight path used was substantial
greater(up to 400 m vs 80 mthe number of analyzed reso-
nances was increased from 133 to 200. The focus of th
study included a dett_armlnatlon of Whe_ther or not _the resoL - imum is given by
nance parameters will have nonstatistical properties as ex-
pected on the basis of the magic number of neutrong@n dE\?2
and as suggested by reports of a strong correlation between (E) =0.64E(MeV)x 10 °, (1)
neutron and radiative widths observed in capture and trans-
mission measurements. There, as in the previous transMigmereE is in MeV.
sion study, spin assignments were established on the basis of
asymmetries resulting from interference between resonance
and potential scattering. Even with the increased resolution
of the 400-m data this is not a sound basis for assigning spins The 140-MeV electron beam burst width was 6.0 ns and
and parities, especially for small resonances. the accelerator was pulsed at 575 bursts per second at a
The presence of chromium in any advanced structurapower level of approximately 4 kW. Collimators were used
components envisioned for future reactors accentuates tiie focus on the unmoderated neutrons from the Ta target.
need of accurate assessments of neutron interactions thef@verlap neutrons were eliminated by a 0.3-gfcHB filter.
with. Salvatoreq 8], in highlighting the need for a better The intensity of the gamma flash from the Ta target was
measure of the interaction, showed dispersions of the avereduced by 3.7 cm of uranium positiah® m from the tar-
age total cross section GfCr among the Evaluated Nuclear get. The 42.13%0.050 g sample of 99.87%Cr in the form
Data Files(ENDF/B-6), the Joint European File§JEF-2,  of *2Cr,05 was 2.65 cm in diameter, corresponding to an
and the Japanese Evaluated Nuclear Data LiENDL-3  inverse thickness of 17.0 b/atom. Other isotopes of chro-
data files of as muchsal b and 0.5 b for neutron energy mium in the sample included 0.01, 0.12, and 0.01 %%fr,
ranges of 1—100 keV and 100—1000 keV, respectively. Sub2*Cr, and®‘Cr, respectively. In attempting to avoid the prob-
group Il of the NEANSC Working Group on International lematic correction for'®0 contributions to the measured
Evaluation Cooperation has indicatgd] that the dispersion transmissions we employed O compensation by alternate cy-
is in part a consequence of the use of different nuclear raditling in and out of the neutron beam of the samples of
and dummyresonances for different energy regions. Other®’Cr,0;+ Be and a sample of BeO whose thickness was in-
possible reasons, suggested by the present work, are dignded to be identical to that of the oxide portion of tRer
cussed in Sec. IV. sample. As discussed in Sec. lll A this compensation was
The present study combines transmission and elastidound to be less than perfect due possibly to water absorp-
scattering measurements, both taken at the 200-m flight pation. Though not serious this could, if not corrected, have
of the ORELA facility, for a more thorough assessment ofdiminished the confidence of deduced neutron widthsXnd
the spins and parities of the individual resonances. In addiassignments in the energy region of large oxygen resonances.
tion, resonance parameters have been extracted to obtain tfieese samples were positi@h® m from the neutron target
strength functions and level spacings for individual partialwhere the neutron beam was collimated to a diameter of 2.38
wave components up to and includidgs,, this in a fashion cm. The samples were cycled in and out of the neutron beam
that incorporates global external dummyinfluences with  under computer control with a cycle time of approximately
the same nuclear radius for all partial waves. Past studied0 min and 14 min, respectively, per sample. We used a
have assumed or concluded that oslyand p-wave proper- neutron monitor to compensate for fluctuations in the neu-
ties need be considered, despite the expectationdthatve  tron production rate during the three week interval and a
interaction is likely to be significant when tlsewave inter-  total of 265 hours of data collection. The six individual runs
action is large. Concomitantly, thewave is expected to be were added to form the final data set which was then cor-
smaller in strength under these conditions. Because we arected for dead time and background contributions.
able to deduce the partial wave contributions to the total Neutrons were detected 192.575 m downstream from the
cross section using both resonance asymmetries in the totshmple by a proton recoil detector in which the neutrons
cross section and in the elastic-scattering cross section forteaversed a 2.54 cm thickness of a 5.2 cm by 8.9 cm piece of
series of forward and backward angles, we are able to alsNE110. The plastic scintillator was optically coupled be-
calculate energy averaged scattering functions for individuatween two RCA 8854 photomultiplier tubes. Approximately
partial wave components. These can then be used, througt®% of the neutrons interacted with the target and the re-

We have performed transmission and elastic scattering
measurements by the time-of-flight technique, using neutron
ulses from the ORELA, at a flight path of 201.576.005
, for a target of°?Cr. The neutron burst has a continuous
nergy spectrum produced by the photoneutron process in
tantalum. The neutron energy resolution function is domi-
ated by the burst widtli6 ng and the full width at half

A. Transmission
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maining 30% were transmitted through the detector withoutelative cross sections. A neutron monitor detector was used
producing a proton recoil. Additional information concerning to normalize each of the spectra.

the data acquisition has been reported in detail elsewhere

[10]. The data were corrected only for a constant back- I1l. DATA ANALYSIS

ground. A discussion of these and other experimental details
may be found elsewhergll]. The transmission was then
computed from the background-corrected sample-in and The transmission data were initially averaged, appropri-

sample-out ratio and normalized to the corresponding netately preserving uncertainty information, in order to reduce
tron monitor counts. the number of data points in regions between resonances that

were absent of resonance structure. Sufficient data points
were retained over a resonance to ensure adequate points for
the broadening process while maintaining the resolution of
The scattering measurements also used the time-of-flighhe measurement. The resonances have been analyzed using
technique with neutron pulses from the Ta target and thehe multilevel Reich-MooréR-matrix formalism. The trans-
water moderator of the ORELA. Data were collected for 97 hmissions are resolution broadened. These are converted to
over a two week period. The burst rate of the accelerator wasross sections before Doppler broadening. In the latter a
800 Hz at a power level of 10 kW and the burst width wasnuclear effective temperature of 300 K was assumed. In all
6.5 ns. Beam filtering to reduce the intensity of thdlash  of the analysis a fixed channel radius of 5.4 fm was used for
and eliminate overlap neutrons was the same as in the tran&Cr. The choice of radius is arbitrary as long as it is chosen
mission measurements. The neutron beam was collimated @titside the range of the nuclear field. The value influences
192 m, with both moderated and unmoderated neutroni€ extent of the resonance-potential scattering interference
reaching the scattering sample. The scattering sample co@symmetry and thé-matrix widths. Different approaches
sisted of 46.403 g of?’Cr,0; powder with an enrichment, in may be taken with regard to the choice of this parameter.
52Cr, of 99.87% poured into a 1.50-cm diameter cylinder,Since this asymmetry is different for different interaction
2.75 c¢m in length. This sample was suspended within a thinParity, one could choose radii which reproduce the observed
walled (0.0127 cm cylinder of natural chromium in the cen- resonance asymmetries, i.e., a different radius for each par-
ter of a 1.83-m diameter evacuated scattering chamber attl wave of the interaction. Two other approaches assume
distance of 200.19%0.005 m from the neutron moderator. the same radius for all partial waves but interpret the need
The scattering chamber was isolated from the neutron beaff@r differing asymmetries as indicative of corresponding dif-
tube via a 0.025-cm Mylar window. fering neutron strength outside the region of analysis. One
The six neutron detectors each consisted of a 4.32-craPProach models this strength through a series of so-called
diameter, 7.62-cm length cylinder of NE110 optically con- "Poles” or dummyresonances having the resonance energies
nected at each end to RCA 8850 photomultiplier tubes(outside the analyzed energy ranged widths necessary to
These two-phototube detectors were each located 19.1 cRfovide the observed resonance asymmetries via resonance-
from the center of the scattering chamber at laboratorye€sonance interference. The other approach, and the one we
angles of 39°, 55°, 90°, 120°, 140°, and 160°. Each of thdave used, is to model the external strength as a logarithmic
detectors was operated with a threshold below the singléinction of neutron energy as
photoelectron level in a fast coincidend®tween the paired E _E
phototubes mode, with two separate pulse height spectra REX— o + BE—EIn( up ) )
formed of the anode signals based on the proton recoil en- E—Ep
ergy. The summed output signals from the photomultiplier _
pair of a given detector were processed to provide 45000wheres is the external strength and and 8 are constants
channel time-of-flight spectra for each detector. The signatletermined by the least-squares analysis. Our formulation
processing was configured so that only one event could bpermits the strength outside the region of analysis to be ei-
recorded in a detector, for each neutron pulse from the adher uniform or a linear function of energy. In the present
celerator. The count rate of scattering events in any detectarase we find that a uniform strength is sufficient and we have
could thus never exceed the pulse rate of the accelerator. taken that strength to be equal to the strength observed
detector was positioned in the beam during the experiment atithin the region, for each partial wave. The resulting exter-
the end of the scattering chamber to record the energy dexal R function then simply becomes an additive term in the
pendence of the detector efficiency and the incident fluxtotal R function of theR-matrix formalism. This approach
This spectrum was used to correct each of the scatteringas been discussed elsewhgtg|. The choice of the above
spectra for these combined effects. A carbon scatterer wagpresentation oR® is related to the ease with which we
used to intercalibrate each of the detectors and ensure urtan compare the partial wave analysis with predictions of an
form relative efficiencies among the detectors. Correction®ptical model.
were also made for the deadtime in each detector system As mentioned earlier, under compensation of the oxygen
resulting from scattering of the gamma flash, by the samplein the sample was suggested by the quality of Ramatrix
into the detector and for a constant room background. Neifit in regions where prominent oxygen resonances were
ther geometrical nor multiple scattering corrections wereknown to occur. The extent of this under compensation was
made, since the use being made of these data required ondigtermined using a feature of tRematrix codesammy [13]

A. Transmission

B. Scattering
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TABLE I. The '°0+n Rmatrix resonance parameters used innance parameters deduced from the total cross section
compensating for the oxygen in ttéCr,0; transmission and scat-  analysis. The model predictions are rooted in Bienatrix

tering analyses.

formalism where the reaR function is used to deduce a
phase shift for a given partial wave. From these partial waves

Energy J7 Iy Energy ~ J7 Iy the coefficients of the Legendre expansion of the angular
(keV) (keV) (keV) (keV) distributions are directly compute{ds'] using thEFORTRAN.
code,RFUNC [16]. Like the transmission data, the scattering
—12022.000 3* 9652 4312.355 i- 40 results include contributions from the oxygen in tH€r,0,
~4469.500 1* 5395 4467.460 L+ 16 sample but unlike the transmission data, thg scattering data
5 6. were not compensated at all. The energy region of the analy-
434.287 3 89 4527.121 3 16 sis encompasses two broad resonance$@with the con-
1000.256 3+ 201 4594.304 %+ 6 sequence that'®O contributions dominate the scattering
1309.341 2~ 87 4631.342 %- 10 landscape in the neutron energy ranges 40Q—500 ke_V and
. 5 900-1100 keV. We have compensated for this effect in the
1651.380 3 16 4819.485 3 113 analysis by using the resonance parameters from [1e8)
1688.306 3~ 1 5070.005 3+ 169 shown in Table I, to calculate th¥O scattering cross sec-
1834.118 3+ 15 5075.000 3 5 tion at eac_h angle as a function of neutron energy. These
L o model predictions were then added to the corresponding pre-
1901.718 3 34 5123.740 3 93 dictions for 52Cr before comparison with th&Cr,O; scat-
2378.170 3+ 162 5310.000 1+ 0.4 tering data. This minimized the need for background and
2888.700 & 0.4 5369.172 S+ 11 normalization corrections as the energy region was changed
L . and ensured that resonances dué% were not treated as
3211757 3~ 5 5671.771 3 3 The scattering cross section is much more sensitive to the
3200221 3+ 667 5018.654 L+ 79 parity of the interaction than is the total cross section with
' §+ ' ;_ the result that unambiguous parity assignments can be made
3438.400 3 2 5993.754 3 27 for virtually all resonances. This sensitivity derives from the
3441.683 3~ 6 6076.161 3~ 14 fact that, for all but the smallest resonances, there is a change
3512603 3 1329 6087.850 1- 15 in resonance asymmetry as one goes from forward to back-
. ; ward scattering angles. The asymmetry and the change are
3766.941 3~ 74 6387.658 3~ 40 distinctly different for even- and odd-parity resonances. To a
3985.016 1~ 263 10674.860 3~ 27154 lesser extent we can determine the total s@dinby noting
distinctions in the peak height of a scattering resonance. In
1+ 3+
4060.227 3 108 17554.380 3 4043 the case of zero-spin target nuclei there are only two possible
4180.666 3* 198 18678.560 3~ 26864 final spin states, for a given orbital angular momentum,
4303.831 - 108 which differ by the intrinsic spin of the neutrofl/2). The

two analyseqtotal and scatteringwere performed in con-
cert. The procedure for each of the almost 300 resonances

which permits searching on percentage abundances of mupasically involved three stepga) assume a spin and parity
tiple sample constituents. For purposes of this determinatiofPr the resonance and perform a least-squares fit to the total
the most recenf14] resonance parameters for oxygen wereCross section in an energy region that includes that resonance
included and held fixed in the analysis. These parameters arfld any nearby resonanceb) use the deduced resonance
the spin and parity values are given in Table I. The channdparameters to obtain the predicted scattering cross section,
radius used for the oxygen contribution to the cross sectio@nd(c) compare model predictions with scattering data, not-
was 3.65 fm. The resonance parameters for this constitueftd asymmetries and peak heights at different angles. For
includeddummyresonances to represent contributions exter/Most resonances this process was repeatecpfQr pay.,

nal to the region of analysis instead of the externaldsz, andds, partial wave assumptions. The spin and parity
R-function approach used in the case of the chromium conassignments in Table Il represent those providing the best

tributions. This analysis indicated a sample composition ofepresentation of the scattering data at all angles. SincR the
96% chromium and 4% oxygen. function involves a sum over all resonances and since

resonance-resonance interference for resonances of the same
spin and parity can be significant, the above procedure must
be applied self-consistently among interfering resonances,

The analysis of the scattering data consisted not in resanvolving many iterations. This study thus presents the most
nance parameter determination, but rather in the determinalefinitive analysis of the neutron total cross section to date
tion of spin and parity for those resonances too small tmver the energy range 40—1550 keV. Spin and parity values
permit such assignments using the total cross section analgre deduced for 90% of the observed resonances below 1050
sis techniques. Thus we have only used these data to corkeV. Approximately 100 new resonances have been identi-
pare with theoretical scattering predictions based upon resdied above that energy.

B. Scattering
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TABLE Il. R-matrix resonance parameters f8Cr+n in the energy range 0.040—1.05 MeV. Parentheses indicate fadaed/or
assignments. Additional resonance energies and widths above this energy range, for resonances withdihassiginments, have been
sent to the National Nuclear Data CentBiNDC).

Energy J7 al’, ol Energy J7 al’, 89Yn
(keV) (eV) (eV) (keV) (eV) (eV)
48.350 3~ 8 4 346.037 a 166 7
50.293 i 1562 150 347.028 5 673 10
57.732 - 87 6 352.753 ¥ 151 6
94.956 3 70 35 353.376 3" 70P 21
96.561 1+ 6785 200 353.501 3 100° 30
106.436 & 40 20 363.10% 3" 18 9
111.806 3 16 8 366.963 i 5035 150
121.928 1+ 702 28 378.032 3 70 5
122.978 " 9 378.662 - 439 13
130.623 3 301 7 379.299 " 25 2
139.469 i- 167 8 386.350 5t 210 63
140.551 3t 6442 190 386.550 3 300° 90
152.92F )" 9 5 393.830 3t 94 6
177.003 3 31 2 399.508 3 773 23
184.841 3+ 4P 12 402.803 it 20763 620
184.930 5+ 75 23 403.338 3 225 9
190.227 5+ 61 4 419.814 ¥ 128 9
198.477 3 66 3 422.935 it 2701 110
201.058 5+ 35 3 426.573 3* 171 10
231.584 3+ 213 6 446.334 3 109P 327
234.971 5+ 234 6 446.433 3- 129 38
236.874 1 1240 30 463.666 3 15581 470
243.248 3+ 80 4 468.910 3 147 9
247.375 & 921 2 470.077 3 261 10
250.481 1= 504 10 471.044 ()" 32 3
251.515 1+ 281 17 474.269 3 135

258.185 3 554 8 487.051 g 84 6
265.120 i+ 249 15 490.656 3+ 413 12
283.236 i- 691 14 493.714 i 232 15
283.773 3t 19 2 501.871 i 232 9
284.747 3+ 57 3 504.323 3+ 366 11
295.393 ) 53 3 511.820 s 174 9
305.036 5 440 132 531.391 3 319 13
305.120 3t 129 39 533.402 5t 6820 200
307.265 5+ o 30 533.931 3+ 664 23
307.359 5+ 160 48 540.799 3t 804 16
311.752 - 685 14 543.551 st 105° 32
317.335 3 61 4 543.806 5 60° 18
326.209 3t 8555 260 553.604 5 729 15
329.130 i 25 5 564.032 3 585 14
329.938 At 50 0 565.879 3 57 5
330.125 )" 167 8 570.129 3+ 154

330.938 i~ 117 6 573.498 = 576 14

N
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Energy J7 gl's &gl Energy J7 al’y ogly,

(keV) (eV) (eV) (keV) (eV) (eV)
577.657 3= 192 10 772.396 ' 6119 240
580.445 5+ 2125 21 779.663 = 448 22
584.043 S+ 66 20 782.949 3%* 87 26
585.388 3+ 197 10 787.729 " 210 13
592.077 g+ 346 12 795.344 3 16882 500
599.268 3t 365 12 802.145 3+ 1499 450
604.826 At 177 11 802.285 %* 271 81
608.298 3 1118 22 804.361 3* 717 29
613.381 it 21979 660 809.908 >+ 248 74
613.900 5+ 1231 25 810.249 3 358 106
618.962 3" 80 7 816.474 3 1262 50
622.704 3+ 319 16 822.223 2t 580 23
629.991 3t 683 20 842.062 i 1494 90
635.663 2= 1099 22 850.385 3" 18° 5
638.596 3+ 87 7 850.670 3 281° 84
640.488 3t 721 17 864.373 3+ 479 144
641.862 i 493 20 866.306 3t 5142 1543
644.426 = 95 869.782 3* 387 116
652.009 5 92 7 870.218 3~ 301° 90
655.551 5 310 12 872.272 5 6826 2048
668.547 3t 105 8 872.553 &) 84> 25
673.748 5+ 224 11 874.025 it 3556 1070
674.798 - 624 25 878.970 - 2422 242
679.495 5+ 73 7 879.265 = 123P 123
685.597 3+ 547 16 881.823 3+ 941 28
687.627 3 173 10 884.984 i 688 28
693.319 g+ 286 11 889.149 3= 1672 50
699.375 3 112 9 889.687 5 26 3
705.834 i 2920 58 892.354 5 327 20
706.324 S+ 1493 30 892.742 ' 21196 1060
712.518 3t 4973 300 900.349 3 2200 66
716.078 3 313 16 901.221 - 737 44
720.533 3 188 11 910.957 %* 7758 155
721.934 €1) 87 8 912.486 3~ 322 26
725.716 3+ 332 15 918.150 i 4226 250
732.043 = 1004 30 935.379 § 1029 41
735.681 g+ 174 12 937.785 3" 861 120
737.388 g+ 1365 31 939.984 3 1323 79
741.052 3~ 1002 30 939.997 & 981 69
740.507 it 27677 830 946.952 3" 207 17
747.352 5t 3928 55 953.643 ()" 186 15
758.272 3+ 2022 40 957.739 3* 2160 43
768.064 5t 227 68 960.853 %* 1200 360
768.765 5+ 919 276 961.100 5" 270 81
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TABLE Il. (Continued.
Energy J7 agl’, o9l
(keV) (eV) (eV)
961.432 it 33657 2000
965.436 3- 321 22
970.455 5+ 3058 61 O
973.053 3+ 510 31§
982.895 3+ 679 41 '*é
986.685 3+ 3513 280 &
994.147 3" 507° 152§«
995.191 (%) 754 226 O
1001.666 3+ 714 43
1005.656 3- 2478 99 °
1011.701 1= 1200 360 wl-
1012.600 g+ 1950 585 2f
1029.046 3+ 249 22 o
1030.979 3+ 309 28 Neutron Energy (keV)
3
1032.207 zi 209 21 FIG. 1. Neutron total cross section for tR&r+ n reaction over
1034.685 2 4070 8l selected energy regions. The symbols correspond to experimental
1037.372 3t 1555 280  measurements and the smooth curveRimatrix parametrization
1037.932 - 636 38 of the data. Symbols without error bars have errors less than the
1039.300 3+ 214 19 size of the symbols.
1045.449 3t 60419 12000 from the total cross section data alone for all except the
3Seen only in scattering data. resonance at 251 ke\_/. The pa_mty of this peak has been dis-
bpember of a doublet. puted among the various studies. It was first repofigdas
answave, then a$>0 [4], thens wave[3], thenp wave[6].
. RESULTS With the scattering data we are able to settle the dispute,

assigning it to theswave group. The evidence for this as-
The total cross section data up to 1.05 MeV are shown irsignment is shown in Fig. 2 where the scattering cross sec-
Fig. 1. The data uncertainties are represented as vertical lindions at 90° and 160° demonstrate the absence of interfer-
when greater than the size of the symbol and the smootBnce between the closely spaced resonances just above 250
curve represents thB-matrix parametrization of the cross keV. The differing asymmetry of even and odd parity reso-
section. Thes-wave contribution to the total cross section is nances and the reversal of their asymmetry from forward to
zero at the minima of the largewave resonances. The in- backward angles is also seen.
crease with energy of the cross section in the region of these For the most part, resonances below 1.05 MeV are well
minima reflects the increasing contribution piwave and resolved and the component spins and parities of any mul-
higher angular momentum partial waves. At low energies thdiplet structures have been determined, consistent with both
experimental cross section vanishes at these minima implylota| and scattering cross sections. This is possible since the
ing that theR® parameters for all other partial waves must scattering cross sections, for all but the smallest resonances,
be such that no model contributions result at these minimaare distinctly different for even and odd parity resonances.
At higher neutron energies, the need for potential scatteringhe resonance at 231 keV could not be simultaneously fit in
contributions in the region of thewave minima is evident totals and scattering, assuming a single resonance. Spin de-
and that need increases with increasing energy. This servégrmination was accomplished by fitting the totals with an

as one means of determining tiR®! parameters for the assumed and then requiring the scattering peak heights to
higher angular momentum partial waves. be fit by choice of spins. Above 1.05 MeV the general fea-

tures of both cross sections have been qualitatively repro-
duced, but since all possible spin combinations have not
been attempted for the multiplet structures, the parities and
The larges-wave strength for this nuclide is evidenced by especially the spins have not been established. Results are
the broad structures located throughout the spectrum. Onlthus reported here only up to 1.05 MeV for a total of 194
21% of thesswave peaks have widths less than 1 kedm-  resonances. Between 1.05 and 1.55 MeV an additional 105
pared to 93% fod waves, while 28% have widths greater resonances have been identified. The energies of these have
than 10 keV. The asymmetry of such resonances in the totddeen transmitted to the NNDC. Roét al.[6], reported 200
cross section makes their spin determination unequivocaksonances up to 1.0 MeV, many of which were only de-

A. General features and new findings
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FIG. 2. Elastic-scattering cross section for tf€r+ n reaction FIG. 3. Total cross section for the same energy region depicted,
in the region of a resonan¢@51.5 keVj with a disputedl™ assign-  for scattering, in Fig. 2 showing the individual partial wave contri-
ment. The scattering data are shown for scattering angles of 90butions to the total cross sections. The solid curves represent the
(bottom and 160°(offset 1 . The smooth curves show scattering total cross section and ttsg, andpg, contributions and the dashed
predictions using the parameters deduced from total cross sectigwurve thepy, contribution.
analysis, the solid curve representing,a assignment for the dis-
puted resonance and the dashed curpgaassignment. All other B. Average parameters
resonances arp waves except the first, which i wave. Also There are several pieces of information obtained from the
displayed are the asymmetries for and d-wave scattering peaks . P .
and their asymmetry reversals between angles. resonance anaIyS|.s of neutron total cross-section data. In ad-

dition to information on excited states in the compound

nucleus, the energies and widths of the resonances provide

] ] ) _ for the determination of neutron strength functions and level

tected in their capture measurements. We have identifiegpacings. Any nonstatistical effects may be manifest through
resonances not seen in other studies through the multiplghese average features and may best be seen through plots of
deconvolutions made possible by the scattering data analysithe cumulative number of levels or the cumulative neutron
Table Il gives the deduced resonance parameters necessaftyength. We have examined such plots for each partial wave
to reproduce the total cross section up to 1.05 MeV. Thef the interaction and find no evidence for structure in any of
parentheses indicate uncertainty in spin and/or parity assigrthe five interaction channels observed in this study. In sub-
ment. The uncertainties for the resonance energies are apections below we present plots for selected angular mo-
proximately 0.1-0.2%. The resonance widths uncertaintiegienta to indicate the uniform nature of these trends.
are indicated in the table of resonance parameters. Another feature obtained from the analysis is the contri-

Significant differences exist between the present studjpution to the background cross section from any strength
and all other studies with regard to the assignment of otheroutside of the region of analysis. THR™ contribution in-
thans-wave spins and parities. This is the first work to de-creases with energy for a given angular momentum. At a
duce spin-separated average resonance parameters for tBj¥€n energy it is less significant for increasing angular mo-
nuclide and to report significant strength in thevave chan- Mentum of the interaction. Generally speakiegyave reso-
nel of the interaction. Other studies have reported 12 or lesgances provide the dominant contribution as shown in Fig. 3.
d waves below 1.0 MeV. In sharp contrast we report 92.Figure 4 in Ref[7] and discussions in Sec. V will give some
There are two good reasons to expect a large number of idea of the trer_1ds of these contributions to the underlying
waves in this nuclide: whenever tisavave strength is large t0tal cross section. _ .
one normally expects the-wave strength to be large and  TNe level spacings, strength functions and Rf€' have
that for odd parity to be small due to the fact that ti&skze beerj deduced for all |nd|V|dqu partial waves up to and in-
resonance peaks in the region of the minimum preceding thgludlng ds), gnd are presented in Table Ill. The latter fgature
3P size resonance; statistical considerations would sugge characterized by the constanis g, and theR-matrix
67% mored waves thanp waves. Other studies have re- Strength, as discussed in Sec. Ill.
portedd/p ratios of 0.15 or less instead of the expected 1.67. .

Our results yield 1.5 for this ratio, thus identifying a near-full 1. Average level spacings

complement of expectedtwave resonances for this nuclide. ~ The number and distribution & and p-wave levels ob-
Most of the resonances which we report as dua-twave served in this study are shown by the histograms in Fig. 4.
interaction have been seen in other studies but were reportddis figure is to be compared with Figs. 3 and 5 in Ré}.

to bep waves. The parity dependence of the level spacingsvhere observed gaps were noted in sh@ave level density
reported in those studies must therefore be reconsidered at energies centered near 200 and 700 keV and a sharp dis-
light of our findings. continuous increase in thgp-wave level density was seen
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FIG. 4. The number o$ andp levels (histograms observed in FIG. 5. The cumulative neutron strengttistogramsfor p- and

the 5%Cr+n reaction. The lines are calculated from the average -wave channels in théZCr_Jrn reaction. The _slopes of the lines are
level spacings. The ratio of their slop&x6) is in good agreement related to the corresponding strength functions.
with that expected from statistical considerations. ) ) )
for both odd and even angular momentum interactions is
near 250 keV. The newly identifiesiwave resonance at 250 Seen in Fig. 5 where we have plotted the cumulative strength
keV somewhat weakens the case for doorway structures ifpr p andd waves. Also seen is the very different strengths
the swave channel by narrowing one of those gaps. Ouffor these two components of the interaction. Ours is the first
identification of many of the previously determinpdvaves  WOrk to report average parameters tbwaves, based upon
asd-wave resonances Comp|ete|y removes their repc[ﬁggd resonance analySiS. The Strength function we obtain is lower
“dustering” of p waves at 250 keV and thus casts doubtthan prediCtionSE].S] by a factor of 2 but is consistent with
upon the conjecture that fragmentation into more complitrends in the experimental values reported by Mughabghab
cated states was responsible. Moreover, the firm parity detef17]. A uniformity similar to that fop andd waves is seen in
minations presented here resu|t |r5/4) |eve| Spacing ratio the neutron Strength fOI’ trm/ave interaction Channel and in
(2.6+0.3) that is consistent with the statistical expectation@ll partial wave channels up to and includidgy,, thus re-
(3), contravening the proposed nonstatistical effects sugshaping the previously posited nonstatistical nature of the
gested by their ratio of 7.8 above 250 keV. Since similarneutron interaction for this nuclide.
plots for d-wave resonances and for all partial wave compo-
nents are also very uniform over the entire energy range of V. DISCUSSION

analysis, it would seem that this nuclide is absent of non- o ] )
statistical effects. Since one motivation of this study was to resolve the dif-

ferences among the cross sections of evaluated data sets, any
2. Strength functions discussion must include major contrasts between this and
other relevant, similar studies. The density of levelsi@r
available to neutrons with energies up to 1 MeV is such that
differences in resolution for the 200- and 400-m measure-
ments is unimportant. We observe all but three of the reso-
nfances reported from the 400-m data. One surprising differ-
hce was noted among the studies, for deduced resonance
widths, which could partially explain the differences in the
predicted cross section at low neutron energies. This is
shown in Table IV where we have included just the widths of

Our s and p-wave strength functions and level spacings
are in agreement with values reported by Mughabdhath
However, forp waves our disagreement with two similar
studies[3,6] is outside uncertainties. This is due, as men-
tioned above and discussed below, to their misassignment
d-wave resonances gswaves. The uniformity of strength

TABLE lIl. Average resonance parameters f8€r+n.

Number of (Dj;) s, Bi; large swave resonances which influence the cross section
I3 resonances (keV) (x10%) ay (MeV) 1 3, beyond _thelr immediate extent.
Despite the agreement of reportedvave strength func-
Si12 28 3714? 3.5100 —0.010(4) 0.22) 0.134) tions, there are clearly systematic discrepancies among the
P 27 384) 0.72) —0.18(2) 0.072) 0.0299) reported resonance widtii3,6], one group reporting gener-
Paj 40 252) 0.338) —0.15(2) 0.1%2) 0.0143) a!ly larger vv_idths at _Iow energies_ and smaller widths at
dyp 49 181) 2.96) 0.0 0.0 0.123) higher energies, the dlffere_nces being as large as 100%. Our
ds, 50 191) 2.96) 0.0 0.0 0.183) results tend to lie intermediate to those of these two investi-
D 67 151) 0.448) gations. Given the extent of contributions of largevave
d 99 9.45) 2.94) resonances beyo_nd their own proximity, consequent differ-
ences in the predicted total cross section between resonances
4n our notation 374) means 3% 4, etc. would be expected and can also measurably influence the
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TABLE IV. Comparison ofsswave resonance width$;,, de- TABLE V. Comparison of partial-wave cross sections to evalu-
duced in three comparable studies®Er+ n. Energies and widths ated discrepancies,8¢). The energy ranges are in keV and the
are in units of keV. Cross sections are in barns.

Energy r, ér, TI,° er, T,° oI, Energy range a(P1y) a(P3p) So

50.3 15 0.15 1.6 0.06 1.8 0.09 50-100 0.03 0.0 1.0

96.6 6.8 0.26 8.0 0.9 7.5 0.15 100-200 0.15 0.0 0.15

140.5 6.4 0.20 7.0 0.9 5.2 0.5 200-500 0.45 0.1 0.3

326.2 8.6 0.26 10.0 0.5 7.5 0.3 500-1000 0.5 0.2 0.3

367.0 5.0 0.15 6.5 0.4 4.3 0.1

402.8 20.8 0.62 30.0 3.0 15.0 1.0
463.7 15.6 0.47 15.0 15 6.8 0.3  only for s waves[6] and in another stud}y3] no potential

533.4 6.8 0.21 5.3 0.5 4.8 0.1 scattering influences were reported with the resonance pa-

613.5 22.0 0.66 16.0 2.0 35.0 3.0 rameters, for any partial waves. A characteristic feature of

712.5 5.0 0.30 model cross sections which have not incorporated this im-

740.7 27.7 0.83 30.0 3.5 40.0 3.0 portant influence for the nos~wave components will be the

772.4 6.1 0.24 58 0.6 8.0 0.8 under prediction of the-wave minima and maxima by simi-
795.4 16.9 0.51 14.4 15 30.0 3.0 lar amounts. The detail of the cross-section fits published
874.0 3.6 11 6.0 1.2 earlier is not sufficient to be certain but there are indications
892.8 212  1.04 10 03 that this was a problem for both the 80-m and the 400-m
918.1 4.2 0.25 5.0 1.0 measurements. In the former, no external contributions were

961.4 33.7 202 23.4 45 reported and in the latter onlg-wave contributions were
reported. This deficiency may be corrected in a very natural

%Present study. way by the inclusion ofp-wave potential scattering in the
bReferencd6]. description of external contributions. The need for this con-
‘Referencd3]. tribution is strengthened and corroborated by the fact that the

. ff . | external contribution needed to provide for the above defi-
predicted off-resonance cross section at low neutron energyiancy in the off-resonance cross section simultaneously pro-
This could be in part responsible for differences repofd \ijes’for the observed asymmetry in thavave resonance

in this quantity among several _evaluateo! data f_(ENDF/ shapes through resonance-potential scattering interference
B-6, JEF-2, and J_ENDL)SThe difference In predicted low- ¢ that partial wave. In the present study this contribution to
energy cross sections resulting from the discrepant resonangge packground cross section dueptwaves is seen in Table
widths noted in Table IV can be as much as 0.25 b. V which gives the contributions due to eagiwave compo-

We have found other factors, however, that would resulfye¢ ot selected energy ranges over the analyzed region to-

in larger differences in the_eval_uated cross sections, if N€zether with the maximum discrepancy reported between the
glected. One of the evaluations is based upon resonance p; Jerage cross sections of the evaluated data [8&tsThe

rameters which were deduced from the fitting of differentimportance of this effect, for a given partial wave, depends
energy regions by varying both the channel radii and thg,,qn the proximity of a given mass nucleus to a size reso-
parameters oflummyresonances to give the best fit for that . . corresponding to the same angular momentum. For
region, with different radii and parameters resulting for dif- 520, Laar the $ resonance. the contribution fromwaves
ferent energy regionis3,19]. Since these so-called “external ¢ sr’nall while for 8Kr near, the P resonance. this is an
contributions” can contribute significantly to the off- important effect. ’ ’

resonance cross section, this procedure frustrates the need tODifferences among the studies, for the other properties

provide a unified, consistent description of these ianuenceR/pica"y reported in total cross section analyses, are seen in

.thrOl;]ghOUt the znalyiisf re?ion.”We tf"‘ITe the apprg?ch ﬁf USTable VI. While these differences are outside the uncertain-
ing the same radiu.4 fm) for all partial waves and for the o for thep andd waves, these differences will not signifi-
entire analysis, incorporating as a part of fRdunction a

contribution due to the combined effect of all external reso- _

nanceg7,12). This is done in a single logarithmic function TABLE VI. Comparison of.average resonance parameters from
of energy for each partial wave instead of using a set oPresentand comparable studies.

dummyresonances with energies outside the range of analy-
sis. This externalR function produces a characteristic
resonance-potential scattering interference for each partial (D) S (Duy) Sy (D) S
wave, which is manifested in a characteristic resonanck N (keV) (X109 (keV) (x10%) (keV) (X107
asymmetry(see Fig. 3for all resonances of that group. The 5 g 3742 3510 43447 299 45(6) 3.(1)
sha_lpe_z of this function the_n becom_es a parameter in the dgy 47 151) 0448 7.53) 0679 9.07) 0.9510)
scription of the cross section z_ind is equivalent to the use of gq 945 2.94) 62100 1.364)
dummyresonances with energies above and/or below the re-
gion of analysis. In one of the data sedsymmiesvere used @n our notation 374) means 3% 4, etc.

Present Rohr Agrawal
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cantly affect the evaluated average total cross section. Aslaims of parity dependence for the level density and the
shown, our results are very different for thbeandd-wave  nonstatistical character of the interaction are brought into
average parameters because of the very different number afiestion by our results. Many of the resonances previously
resonances in each spin group. In previous studies most resattributed top-wave interaction have been shown to result
nances were assigned aswaves based upon resonancefrom d-wave interaction, with a consequent decrease in the
shapes observed in the total cross section, contrary to expee=wave strength and increase davave strength in this nu-
tations based upon statistical considerations. However, thglide. We have not yet completeli” assignments for reso-
neglect ofp-wave potential scattering can significantly im- nances beyond the 1.05 MeV neutron energy due to the mul-
pact p-wave resonance shapes and thus the parity assig#iPlet complexities resulting from the need for increased
ments consequently deduced. Our scattering results concl@nergy resolution. Only approximate energies have been de-
sively establish that many of the resonances previousl&ermmecj for these resonances and they are thus not included
assigned ap waves are definitelgd waves and thus account N the table of resonance parameters, but have been sent to
for the differences in average parameters for these partidl€ NNDC. The treatment of the influences, within the ana-
waves. Since Rohr reported results for selected energy sefyZzed region, due to strength outside has been shown to be an
ments, and not over the entire energy range, we have takdfiportant factor in any accurate analysis of the data. This
their resonance parameters and performed the usual calcuff@ature of the analysis has been largely ignored in previous
tions of the strength functions to complete this table, for theStudies, at least for the-wave channel. We have found this

p- andd-wave results. The number of resonances shown co® provide non-negligible contributions to the predicted off-
respond to the present study. By comparison, Rohr’s stud{esonance background cross sections. The data cannot be

revealed 133 waves and 121 waves. properly represented without it. This would appear to be the
primary reason for discrepancies among the various evalu-
VI. CONCLUSION ated data sets above 500 keV neutron energy. Below that

energy we can only point to the discrepaaivave neutron
The present study has not added significantly to the numwidths reported in earlier studies and suggest that our param-

ber of resonances observed below 1 MeV but has determinesters would better represent the cross section because of our
the spins and parities for more than 90% of those observednified and consistent treatment of external influences and

using analysis procedures that included both total andesonance asymmetries throughout the energy region of the
elastic-scattering cross-section data. As a result, previousnalysis.
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