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Resonance analysis of*’Sm(n, @) cross sections: Comparison to optical model calculations
and indications of nonstatistical effects
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We have measured tHé’Sm(n, ) cross section from 3 eV to 500 keV and performedRamatrix analysis
in the resolved regiolE,< 700 e\) to extracta widths for 104 resonances. We computed strength functions
from these resonance parameters and compared them to transmission coefficients calculated using optical
model potentials similar to those employed as inputs to statistical model calculations. The statistical model
often is used to predict cross sections and astrophysical reaction rates. Comparing resonance parameters rather
than cross sections allows more direct tests of potentials used in the model and hence should offer greater
insight into possible improvements. In particular, an improwechucleus potential is needed for applications
in nuclear astrophysics. In addition to providing a more direct test ofathaucleus potential, the-width
distributions show indications of nonstatistical effects.
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I. INTRODUCTION 14’Sm appears to be the best candidate for such a study for

Reactions involvingx particles and intermediate-to-heavy SEVeral reasons. First, ti@ value for *'Smin, a) is fairly
mass nuclides often can play an important role in nucleosyn@'9€, SO the cross section, although still very small, is ex-
thesis occurring in massive stars at high temperatures and pected to be among the I7arge_st in this mass range. Second,
explosive environments such as supernofag]. For ex- the natural abundance &tSm is fairly large, so the neces-
ample, accurate rates for mafy, @) reactions are needed Sary isotopically enrlqhed sample is affordaple. Th!rd, unlike
for a better understanding of the nucleosynthesis of the neg€Veral other potential candidates, there is relatively com-
tron deficientA> 90 nuclides during the so-callgrprocess.  PI€t¢ information on the parameters for the 100 lowest-
As important as these reactions are, there is scant experimefil€/dy resonances. This is important because reliably ex-
tal information on their rates because the cross sections afEACtinga widths requires reasonably complete knowledge of
extremely small and many of the required “target” isotope<N€ Neutron and widths for the resonances, and comparison
have very small natural abundandesd hence are very ex- to theory is most meaningful if the spins and parities of the
pensivg or are radioactive; thus, direct measurements aré$>Onances are known. Fafwave neutrons incident on
very difficult. However, most of the required rates should be smi”=77),37=3" and 4 resonances can be formed in
calculable to sufficient accuracy using the nuclear statisticdhe compound nucleus®sm. 47
model, but these theoretical calculations are, at present, ham- The a widths for several™'Smin, «) resonances for
pered by large uncertainties in the- nucleus potential in the En<700 eV were determined in previous measurements
astrophysically relevant energy range. [4—8§] of this cross section, and these data were compared to

We recently[3] have shown thain, «) cross section mea- statistical model predictions. However, these comparisons
surements on intermediate-to-heavy mass nuclides offer peffc"® hampered by the fact that thewidths for most of the

haps the best means for constraining the many parameterrgson"’mces in this region could not be measured. We have
employed an improved detector to make a new measurement

of the 1*Sm(n, a) cross section. In addition to extending the

. : ) ?ange of the measurements to much higher energies, this new
comparison between theory and experiment as cross_gectloagtector resulted in a much improved signal-to-noise ratio in
) ; ; %he resolved resonance region so that éheidths for most
the a+nucleus potential. A more direct comparison @f ot the resonances in this region could be extracted from the
strength functions extracted from the measurements to the@mta. This much improved-width information makes pos-

retical expectations should avoid these confounding depensiple a more meaningful comparison between theory and ex-
dencies and allow greater insight into possible improvementgeriment.

in the model.
[l. EXPERIMENT
The experiment has been described elsewtfigjg, so
*Electronic address: koehlerpe@ornl.gov only the salient features will be given here. The measure-
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ments were made at the Oak Ridge Electron Linear Acceland one(tentativg spin assignmentfor the 659.4-eV reso-
erator(ORELA) [10-13 white neutron source. The ORELA nance was changed to fit the data. A radiation width equal to
was operated at a repetition rate of 525 Hz, a power ofhe average for*’Sm resonance&69 meV Refs.[17,22)
6-8 kW and a pulse width of 8 ns. A 0.76-mm thick Cd was used for resonances withduf values in Ref[17]. The
filter was used to eliminate the overlap of slow neutronsresulting parameters are given in Table | where, for example,
from previous pulses and a 1.27-cm thick Pb filter was used.273(61) is used to denote 1.273+0.061, etc. Representa-
to help reduce overload effects from thdlash at the start of tive plots of the data an®-matrix fits are shown in Fig. 1.
each neutron pulse. Neutron energies were measured via The accuracy of the extracted widths depends on the
time of flight. The detector was a compensated ionizatioraccuracy of thel”, I',, and I',, assignments for the reso-
chamberCIC) [13]. Although a CIC can have poorer pulse- nances because our measurement technique determines only
height resolution than, for example, a gridded ionizationthe resonance areas,=g;I" I'/T', whereg; is the statistical
chamber, it reduces overload effects due toytfash at the factor (g;=(2J+21)/[(2I +1)(2i+1)], whereJ, |, andi are the
start of each neutron pulse by several orders of magnitudepins of the resonanc&;’Sm, and the neutron, respectivily
allowing measurements to be made with excellent signal-toThe uncertainties in the resonance areas in Table | are the
noise ratio to much higher neutron energig60 keV in the  one-standard-deviation uncertainties determined in fitting the
present cage data. The uncertainties in the widths include additional
The source-to-sample distance was 8.835 m and the negentributions(added in quadratuydrom the uncertainties in
tron beam was collimated to 10 cm in diameter at the sampléne neutron and radiation widths. The uncertainties in the
position. Two samples were placed back-to-back in the cemaeutron and radiation widths were taken from RéfZ]. For
ter of our parallel-plate CIC with the planes of the samplesesonances with unknown radiation widths a “factor of 2”
perpendicular to the neutron beam. Hence, the cross sectig®23 me\) uncertainty was assumed, which should be a con-
was measured over nearly the entirg 4olid angle. The servative overestimate of the uncertainty because the mea-
samples were in the form of $@; enriched to 95.3% in  sured radiation width§18,21 show very little variability.
14’Sm and were 5.0 mg/chthick by 11 cm in diameter. The  For 23 of the 104 resonances in this region, the fitted
®Li(n, a)®H reaction was used to measure the energy depenesonance areas had a relative uncertainty greater than 70%.
dence of the flux and to normalize the raw counts to absolutén these cases we give only upper limits for the resonance
cross section. These measurements were made during a rareas in Table | equal to the fitted values plus the one-
when one of the!*’Sm samples was replaced by®ai  standard-deviation uncertainties determinedsayimMy. The
sample. The neutron energy scale also was calibrated duringpper limits on thex widths given in Table | for these cases
this run using dips in the time-of-flight spectrum caused bywere calculated from the upper limits on the resonance areas
resonances in the Cd filter and Al vacuum windows in theusing the listed spins and neutron and radiation widths. The
flight path as well as the peak due to the 244.5-keV resouncertainties in the neutron and radiation widths have negli-
nance from théLi(n, @)3H reaction. A°Li sample in a sepa- gible effects in these cases and hence were not taken into
rate parallel-plate CIC was used as a flux monitor. The mosaccount when calculating thesewidth upper limits.
recent ENDF evaluatiori14] for the ®Li(n, )®H reaction
was used in calculating the absolute cross sections. The data
were corrected for the small background due to the sponta-
neousa decay of*4’Sm and for the effects af straggling in For comparison to statistical model calculations, distribu-
the samples. This latter correctiob4%) was calculated us- tions or averages of resonance parameters are needed. Some
ing the computer codsrim [15]. The overall normalization of these quantities were determined from a resonance analy-
uncertainty of=6% is dominated by the uncertaint¥4%) sis of the total cross sectigi2l]. With the resonance spin
in this correction and by uncertainti€s3%) in the sample and y-width information from Ref[18] and thea-width in-
sizes. formation from this work, it is possible to calculate these
quantities for each of the two possible spin statessfarave
resonances and to include thechannels as well as the neu-
tron channels. Useful quantities for comparison to statistical
The data were fitted with th&-matrix codesammy [16]  model calculations include strength functio®s average
to extract thew widths for resonances in the resolved regionlevel spacing®, average widthgl’), and the distributions of
below 700 eV. Almost all observefd 7] resonances in this widths (see Sec. VI for a detailed discussion of these quan-
energy range have been assigrié@8] as J"=3" or 4 (s tities). Care must be taken into account for effects due to
wave). A radius of 8.3 fm was used in al’Sm channels. missed resonances.
Both the fact that the sample was an oxide and the aluminum
backing were included in the input files feammy so that 1. Neutron andy channels

corrections could be applied for attenuation and multiple- 0
scattering effects in the sample and its backing. The reso- | N€S-wave neutron strength functio=(I'y)/Do, where

nance energies, spins, parities, and neutron andidths (L' i the averageswave reduced neutron widt",=I")
from the compilation of Ref[17], which are based mainly XVE,) andDjy is the average-wave level spacing, can be
on the work of Refs[18-21], were used as starting values in determined from the slope of a plot of the cumulative re-
the analysis. Only a few of the energies had to be adjustedluced neutron width versus resonance energy resulting from

A. Average resonance parameters

Ill. RESONANCE ANALYSIS AND RESULTS

015803-2



RESONANCE ANALYSIS OF'47Sm(n, @) CROSS SECTIONS:.... PHYSICAL REVIEW 69, 015803(2004

TABLE I. 4’Sm(n, a) resonance parameters. TABLE I. (Continued)

E, . 2gh, r, r, gr,r,/T E, 2T, r, r, grr,/T
(ev) (meVv)  (meV) (nev) (nev) (ev) (meV)  (meV) (nev) (nev)
3397 3 1.18(2) 67(3) 1273(61) 0.010898(94) 312.06 4 27.6(26) 69  0.41(22)  0.060(29)
18.340 4 80.9(4) 72(4) 0.2789(90) 0.0784(12) 32113 3 114(11) 69 <0.46 <0.031
27218 3 6.08(11) 84(5) 0420(37) 0.01403(93) 330.10 3  67(4) 69  0.41(22)  0.095(47)
20791 3 12.9(2) 71(6) 0.543(44) 0.0408(15) 33210 4  73(4) 69 <0.39 <0.10
32151 4 439(6) 70(5) 0.276(16) 0.0556(18) 3404 4 178(7) 69  0.18(11)  0.070(41)
30.700 4 80.2(1l) 68(4) 0.289(13) 0.0833(27) 34986 3  68(4) 69  0.38(19)  0.088(43)
40720 3 4.7(2) 69  0.44(14) 0.0140(13)  359.32 4 402(12) 69  028(11)  0.131(52)
49358 4 16.5(3) 75(4) 0.256(24) 0.0236(19) 36215 4  31(4) 69 <0.49 <0.077
58130 3 35.9(6) 77(5) 0.556(36) 0.0845(39) 379.2 4 393(12) 69  0.72(20)  0.340(90)
64.96 (4 7.4(4) 69  0.40(14) 0.0195(38) 3824 3  139(8) 69  1.28(44)  0.39(13)
6513 (3 4.8(3) 69  0.14(10) 0.0046(29) 38516 4  122(7) 69  3.70(67)  1.27(13)
76.15 4  19.7(6) 74(5) 0.208(34) 0.0224(34) 3965 (4  67(5) 69  0.54(33)  0.141(81)
7989 4  42(3) 69  0.27(14) 0.0079(30) 3986 3  109(7) 69  0.41(24)  0.116(67)
83775 3 65.8(15) 76(5) 3.55(16)  0.772(16) 4051 3 34(4) 69  1.13(48)  0.178(61)
9490 (4) 5.6 (4) 69 <0.018 <0.00065 412.0 3 55 (5) 69 <0.49 <0.10
99.54 4  263(4) 79(5) 0.034(12) 0.0142(51)  418.3 (4) 235(12) 69  0.43(18)  0.180(74)
10280 3 173.6(31) 76(7) 1.486(70) 0.470(15) 4218 4  68(5) 69  0.73(32)  0.193(75)
107.06 4 49.7(16) 82(5) 1.100(81)  0.217(11) 4331 (3) 17(4) 69 2.8(17) 0.26(13)
10858 4  1.0(4) 69 <1.2 <0.0077 4357 3 154(9) 69  1.94(63)  0.61(18)
12395 3 1515(33) 73(6) 1.276(71) 0.392(17) 4395 4  40(5) 69 9.5(26) 1.81(17)
14030 3 77.7(21) 69  0.78(13)  0.192(14) 4469 3 7(3) 69 <159 <0.067
14327 4  36(5) 69 <0.72 <0.017 4586 4  100(7) 69  0.24(16)  0.077(50)
15154 3  144(4) 75(5) 0.528(52) 0.159(14) 4629 3  53(6) 69 <0.30 <0.061
161.03 3 47.6(21) 69  4.04(82) 0.780(48) 4760 4  117(8) 69  0.41(25)  0.140(82)
161.88 4 156(12) 69 56(17)  0.523(48) 4798 3 177(11) 69  143(39)  0.47(11)
163.62 4 175(4) 77(4) 0342(59) 0.129(22)  486.4 3  111(8) 69  170(43)  0.48(10)
171.80 4 185(11) 69(4) 0.35(11)  0.038(11) 4962 4 120(9) 69  0.28(20)  0.096(68)
17968 3 9.0(9) 69  1.92(67) 0.109(18) 4986 (3)- 294(15) 69  0.41(23)  0.150(83)
184.76 3 356(6) 69  20.9(11)  7.83(10) 5182 4 474(20) 69  1.92(30)  0.93(13)
191.07 3 31.5(16) 79(5) 3.09(30)  0.423(30) 5289 4 72(7) 69  0.34(23)  0.093(60)
19361 4 56(10) 69 <0.53 <0.019 5325 3 60(7) 69  0.42(30)  0.091(62)
198.03 3 13.7(12) 61(4) <0.034 <0.0030 5381 4 575(22) 69  0.64(23)  0.32(11)
206.03 4 207(5) 83(5) <0.043 <0.017 546.0 (3 185(12) 69  0.85(34)  0.28(1l)
22103 3  118(4) 67(6) 0.98(16)  0.286(46) 5532 3 367(26) 69  0.33(22)  0.125(83)
22268 3 224(6) 86(5) 2.47(20)  0.808(58) 5545 4 248(20) 69  1.77(45)  0.76(17)
22591 (37) 29(13) 69  11.1(63)  0.222(31) 559.7 3 207(14) 69  0.82(44)  0.28(15)
20848 4  17(4) 69 <1.8 <0.021 563.4 4 219(15) 69  1.39(55)  0.58(22)
240.76 4 19.1(18) 91(6) 0.37(18)  0.033(16)  567.6 (3) 38(7) 69 45(17)  0.76(19)
247.62 4 163(6) 69(6) 0.137(52) 0.052(19) 5743 4  101(9) 69  2.37(64)  0.75(15)
25713 3 82 (4) 69 0.60(11) 0.152(26) 580.2 3 124 (11) 69 0.29(20) 0.085(57)
26357 3 65(4) 69  0.41(13)  0.092(26) 587.8 3 83(9) 69  0.95(46)  0.24(11)
266.26 4  204(7) 72(6)  <0.17 <0.069 597.4 4 176(13) 69  0.52(27)  0.20(10)
27072 3 76(4) 85(6) 0.97(16) 0.213(34) 6060 4 126(11) 69  0.56(32)  0.19(11)
27440 3 19.1(23) 69  2.65(82) 0.279(36) 6126 (3) 93(10) 69  1.13(59)  0.30(15)
28328 4 22.8(25) 58(10) <0.14 <0.021 617.2 (3)° 493(25) 69 <0.97 <0.38
290.10 (4 41.3(33) 68(6) 0.53(15)  0.105(27) 622.6 (37) 151(13) 69  0.66(41)  0.21(13)
308.30 3 8.3(20) 69 <0.51 <0.026 625.3 (4) 74 (10) 69 <1.1 <0.28
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TABLE I. (Continued) ' T ' ' ' '
o

E, Jm 2qT, r, r, gl ,r,/T 60 1
(ev) (meV)  (meV) (nev) (neVv)
6340 3 29 (8) 69 1.8(1.1) 0.26(12) § Ty U i
644.7 (37)  60(9) 69 0.92(56) 0.20(11) = o o
6485 (37) 209(15) 69 <0.40 <0.14 A
651.9 (4) 102(11) 69 2.16(77) 0.69(21) 20 § — =3 |
659.4 (3) 80 (10) 69 5.9(16) 1.48(26) | e S J=4
667.0 4  65(10) 69 15.6(41) 4.00(34) 0 St , , , , ,
6775 (37) 159(14) 69 <0.48 <0.15
683.1 (47) 236(18) 69 <0.29 <0.12 |
687.4 (3) 19(9) 69 <2.6 <0.24 300 rer]
697.0 (4)° 87 (12) 69 <15 <0.44 | Neutron |

S| i
a resonance analysis of total cross section measurements g 200
This well-known technique for determining the neutron S~ :
strength function is relatively insensitive to missing reso- g et
nances because only resonances having small neutron widths™ 100} i —
are expected to be missed in total cross section measure- — J=3
ments and the slope of the cumulative reduced neutron width B J24
versus resonance energy is little affected by missing reso- T R N R T
nances with small widths. In Ref21], this technique was 0 100 200 300 400 500 600 700
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FIG. 2. Strength function plots for the (top) and neutror{bot-
tom) channels. Solid and dashed staircase plots represent results for
3™ and 4 resonances, respectively. The measured strength functions
are equal to the slopes of these staircase plots.

used to calculate ¥&,=4.8+0.5. Using the resonance spin
information from Ref[18] together with the neutron widths
from Ref. [21], strength function plots for the two possible
s-wave spins were constructed and are shown in Fig. 2. Lin-
ear fits to the data in Fig. 2 yield strength functions of
(4.6+1.0 X 10 and (4.3+0.9 X 10 for J=3 and 4 reso-
nances, respectively, in agreement with the combsedve
strength function of Ref[21]. Uncertainties in the strength
functions were estimated from the number of observed reso-
nances as described in RE23].

In Ref.[21], the well-known technique of determining the
level spacing from the inverse of the slope of the cumulative
number of resonances versus resonance ererdiie lower
energy region where missed resonances are insignificant
was used to calculate an average level spachg
=5.7+0.5 eV for allswave resonances. Using this level
spacing and assuming that the number of resonances for each
spin is proportional to 2+1, leads toN=54 and 69 reso-
nances by 700 eV fod=3 and 4 resonances, respectively
(implying Dy=13.0 and 10.1 eV fod=3 and 4 resonances,
respectively. These level spacings, together with the above
strength functions forJ=3 and 4, yield(I')=5.98 and

FIG. 1. 147Sm(n, @) cross section datépoints with error bass 4.4 meV, forJ=3 and 4 resonances, respectively.
andsammy fit (solid curvey. Bars below the data show the loca- ~ Neutron widths are expected to obey Porter-Thof24$
tions of the fitted resonances. The length of each bar is proportionalistributions having average widths and numbers of reso-
to the square root of the resonance area.

nances consistent with the above strength function and level
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FIG. 4. Measuredx strength functions averaged over 100-eV
intervals forJ7=3" (X’'s) and 4 (triangleg resonances. Strength
functions forJ”=3" resonances calculated with the standérd)
and modified(P2) NON-SMOKER parameters are shown as solid and
long-dashed lines, respectively, whereas corresponding calculations
for J™=4" resonances are shown as short-dashed and dotted lines,
respectively.

Number of Resonances
=
=3
—~
=
o
=
4 | S
— =
N
o

10'

<r,%> =4.4 mev
N =69

<r,%> =5.98 meV
N=54

\ of the cumulativea widths versus neutron energy. For this
. reason, thex strength functions were calculated over differ-
012 3 45601 2 3 45 ent energy intervals. As shown in Fig. 4, thestrength func-
[rno (meV)]"2 tions calculated from the widths (S=(I")/D) averaged over
100-eV intervals show considerable variation. In addition, as
FIG. 3. Integral distributions of totak (top) and reduced neu- Shown in Fig. 5, the ratio of the strength functions for the
tron (bottom) widths for 3 (left) and 4 (right) resonances in two differents-wave spins states changes dramatically near
147Sm. The histograms show the measured number of resonancé§0 €V. Because it is possible that this effect is caused by
having widths greater than a given width vs that width. In an at-Incorrect spin assignments and because the strength func-
tempt to depict the experimental uncertainties, histograms foxthe tions as well as their ratio are relatively constant in the
widths are plotted at the measured widths plus and minus theip—300 eV and 300-600 eV intervals, we list the strength
respective uncertainties. The dashed curves show the expgéted functions calculated for these two ranges as well as for the
distributions for the average widths, number of resonances, angntire 0—600 eV interval in Table Il. We did not include the
degrees of freedorw=1 for neutrony indicated. 600-700 keV interval because there are only about half as
many resonances having fird assignments in this energy

spacing determinations. This was found to be the case in Refd€ as in the six lower-energy bins. We compare these

[21] for all (sum of J=3 and 4 swave resonances. The values to statistical model calculations in Sec. VI.
separate neutron width distributions fd=3 and 4 reso- 8
nances are shown in Fig. 3. We will discuss how well they

compare to the expected Porter-Thomas distributions in Sec.

ions

V. £ of
S
2. a channel %" 57 _® _ Voasured 1
Our measurement technique is sensitive to resonance ar-g 4 ——= P2 ]
eas,A, =g, I'/T'; hence, missed resonances can have small “”; 3l % +
as well as largée.g., wherl',, is smal) « widths. Therefore, %5 E
determining thex strength functions from the slopes of the % 27
[+4

cumulativea widths versus neutron energiop part of Fig. Wt |
2), will likely result in values that are systematically small. ; l l
On the other hand, because missed resonances should have . . ‘ . . .

. ; 500 600
range of« widths, the average: widths should be less af-
fected by associated systematic effects and strength functions
calculated from the average widths should be more reliable. F|G. 5. RatiogJ™=3" to 4~ resonancesof « strength functions
There is the additional complication that the data indicateaveraged over 100-eV intervals. Measured ratios are shown as solid
that the averager widths as well as the strength functions circles. Ratios calculated with the standéR1) and modifiedP2)
show considerable variations as functions of energy. For ex~oN-SMOKER parameters are shown as solid and long-dashed lines,
ample, as shown in Fig. 2, there are large steps in the slopesspectively.

o

(] 100 200 300 400
E, (eV)

700
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TABLE Il. Neutron and« strength functions from experiment and optical models.

Neutrons Alphas
J 10's, 10°s,
Experiment  Optical model Experiment Optical model
0-600 eV 0-300 eV 300-600 eV P1 P2
3 4.6%+1.0 9.2 0.116£0.025 0.171+0.052 0.0560%0.018 1.0 0.42
4 4.3%0.9 9.2 0.092+0.020 0.058+0.018  0.127+0.039 0.14 0.063

Distributions of « widths for the twos-wave spin states ground state of*Nd by « emission, whereas 3esonances
are shown in Fig. 3« widths for transitions to individual
final states are expected to obey Porter-Thomas distribution;om 4~ resonances will not include the highest-energy group
but we were unable to resolve individualgroups because corresponding to decay to the ground staté*éfid. Because
our samples were too thick. Therefore, #ravidth distribu-
tions are convolutions of Porter-Thomas distributions. Thisvariousa-particle groups. However, as shown in Fig. 7, there

will be discussed more fully in Sec. V.

IV. COMPARISON TO PREVIOUS WORK

There is reasonably good agreement betweem tvadths
we determined and previous wofs compiled in Ref{17])
except that we have many more measured widths and hengieat 4 assignments also are favored for several other reso-
many fewer upper limits. There are however at least twanances with fairly larger widths which had been associated
important differences between previous results and the resavith 3~ resonances in previous wofK], lending confidence
nance parameters reported herein. First, the neutronyandthat the energy calibration, and therefore the spin assign-
widths used to extract the widths typically were not re-

are not. Therefore, the pulse-height spectrumdgrarticles

our samples were relatively thick, we could not resolve the

is a discernible difference between the pulse-height spectra
for unambiguously assigned=3" and 4 resonances. As
expected, thd"™=3" resonance at 83.775 eV occurs at larger
pulse height than thd™=4" resonance at 18.340 eV. This
figure also demonstrates that the pulse height spectrum cor-
responding to the resonance at 667.0 eV clearly favors a 4
assignment for this resonance. Similar comparisons show

ments, of the present work are correct.

ported in previous work. Because thewidths extracted can
vary substantially depending on the values of these othel
parameters, comparisons to previously reportedvidths
without this information are of limited value. Second, origi-
nally [25], we followed the example of Reff7] and assigned
the stronger peaks in our data to the same resonances the
used even though, as the energy increased, our energy sce
indicated that the peaks actually corresponded to the nex
higher-energy resonances. As a result, our resonance energi
became increasingly larger than those of Réf7] as the
energy increased. For example, with this scheme the resa
nance we observed at 439.5 eV would correspond to thd
resonance in Refl7] at 435.7 eV rather than to the much
closer resonance at 440.2 eV. After a recheck of our energ

calibration, using the present data as well as data from
13Nd(n, @) [26] and®*Mo(n, a) [9] measurements run under

the same conditions using the same apparatus, we decidd
that it was not possible for our energy scale to be wrong in
this manner. Therefore, we assigned the resonances we o

served to the closest ones in REE7]. As a result, many of
the spin assignments as well as the extractedidths (be-

E, J E,
4 18.34
3
K _8___1 _4_1 ___________ 3.397
S = - 1Ygm(7/12)+n
E, F 0‘2,', 'I’,, o
III’/’ / 1483m
1314 4*
[,
0606 2*p !
0t P %
144Nd

cause the widths were calculated using the wrong spins and FIG. 6. Energy-level diagrams depicting th&Smin, &) 44Nd

neutron and radiation width$n our preliminary repor{25]

are incorrect, and several resonances with largeidths at

the higher energies are now assignedlfe4" rather than
=3

reaction (Q=10.127 MeV). Excitation energiesE, are given in
mega electron volt, whereas laboratory neutron enerBjesre
given in electron volt. The energy scales of tH&Nd and #8Sm
parts of the figure differ by a factor of 17 milliod”™=3" levels in

Further evidence that our spin assignments are correct cantsm cana decay to the ground as well as excit@dth substan-
be seen in the pulse-height distributions for the resonancesally reduced penetrabilifystates oft4Nd. J7=4" levels in148sm
As illustrated in Fig. 6, because parity must be conserved, 4are parity forbidden from decaying to the ground stat&*é¥id, but
resonances if*®Sm are forbidden from decaying to thé 0 can decay to excited states.
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FIG. 7. Pulse-height spectra from tA&Sm(n, @) reaction for 107 I I ) I I I
the 18.340-, 83.775-, and 667.0-eV resonances. The spectra have 10
been normalized to have equal areas. e J=3
S10° Y x J=4
[y u] Unknown J
V. POSSIBLE NONSTATISTICAL EFFECTS é102 B0 0o Ok Q<85 M vV  Upper Limit
b3
Analysis of previous'*’Sm(n, @) measurement$4,5,7 =0t}
have hinted at the possible presence of nonstatistical effects. 10 , , , , , ,
The improved precision and accuracy of the current measure- % 100 200 300 400 500 600 700
ments together with improved resonance parameter informa- E,(eV)

tion [18] makes it possible to perform more robust tests for
nonstatistical effects. FIG. 8. Reduced neutroftop), « (middle), and y (bottom)

In nuclear statistical theory, partial widtls associated Widths for 147Sm resonances versus neutron energy. The reduced
with the decay of compound nuclear states are assumed to Bgutron andy widths are from previous work as compiled in Ref.

described be2 distributions with» degrees of freedom, [17], whereas thex widths are from the present work. Measured
widths with J=3, 4, or unknown spin assignments are shown as

circles, Xs, and squares, respectiveiywidths for which only up-

P(x, v) = L<V—X>V/2_1exp<— 3() (1) imi i i
V)= 2G6(w2)\ 2 5 per limits were determined are plotted as triangles.
whereG is they function,x=T'/(T"), (I') is the average width, (E Pc)2
and the distribution is characterized by a dispersion equal to Veft= T, (2
2(I')?/v. Neutron widths as well as partial widths for spe- 2P

cific angular momentum values to individual final states are
expected to have=1, and hence obey Porter-Thonl@d]  \herep_is the penetrability for particles in channet. In

distributions. On the other handy widths show much o hregent case, the calculaf& degrees of freedom are
smaller fluctuations because the much larger number of de;

) o i v=1.8 and 2.5 for 3 and 4 resonances, respectively.
cay channels in the-ray cascade implies g distribution  therefore, it is expected that the fluctuations in the tatal
with many more degrees of freedom. In our present experiyiqihs will be intermediate between that for neutrons and
ment, we were unable to resolve the individuagroups, and ys. However, as shown in Fig. 8, although the neutron and
h_ence _only the totak widths summed over the various POS-  \widths fluctuate as expected, taewidths do not appear
sible final states were measured. Because the paatial {4 fo)io the expected behavior. For example, instead of
widths fluctuate independently, the fluctuations of the tetal being intermediate to the and neutron distributions, the

widths, I',=>I',, are expected to be smaller owing 10 ran- , \yigths show the largest fluctuations. Also, there appear

dom cancellations of the partial widths. Therefore, the distri+, o regions of energy in which the widths fluctuate
butions of totale widths are expected to be narrower> 1)
than for the partial widths. The distribution for totalwidths
are complicated convolutions of partial distributions with
=1 and different average valuéE,,.). Using a Monte Carlo
method, it has been show7] that this convolution does
not have to be calculated but that instead Hg, after the
partial widthI",. and its averagél’,.) are replaced by their
corresponding total valuels, and(I",,), can be used to de-
scribe the distribution of totak widths, albeit with an effec-
tive degrees of freedom,

about as expected and other regions of much larger widths
and/or fluctuations. These effects are evident for hifth
=3 and 4 resonances.

Recasting the data into plots of the cumulative widths
versus resonance energy, as shown in Fig. 2 further illus-
trates that whereas the neutron widths behave as expected,
the « widths show indications of nonstatistical effects. The
large steps in the cumulative distributions of thewidths
might be indications of states iSm with nonstatistical
properties.
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Converting the data to the integral width distributions strength functions for the two spins are expected to remain
shown in Fig. 3 allows a more quantitative comparison withconstant over the range of our resonance analysis given the
theory. In the case of neutrons, the widths are expected temallness of our range of neutron energies compared to the
follow Porter-Thomas distributions with average widths cal-energies of the emitted particles (Q, ,)=10.127 MeV.
culated from the measured strength functions and level spagiowever, as can be seen in Fig. 5, our data reveal a striking
ing. As shown in the bottom part of Fig. 3, there is gooddisagreement with the expectations. We find that the ratio of

agreement between the observed and expected width distii strength functions for the two spin states changes rather
butions for neutrons indicating that the neutron widths bedramatically from=3 to ~0.5 nearE,=300 eV.

have as expected when separated according to spin. The fit to
the Porter-Thomas distribution far=3 resonances can be
improved by assuming additional missed resonances and VI. COMPARISON TO THEORY

hence a smaller average reduced neutron width for this spin. gyen though the data show signs of nonstatistical effects,

This indication that there may be slightly mode=3 reso- i is interesting to compare the measured average resonance
nances than the simpld21 assumption we used is in agree- narameters to those computed from optical potentials. Al-
ment with the relative sizes of the level spacings predicted i hough this is independent of the Hauser-Feshbach approach,
NON-SMOKER (see Sec. Vjifor the twos-wave spin states. sing notentials similar to those from established statistical
Because missed resonances are expected to have rand@iBqels allows a direct test of the potentials and an examina-
a widths, simple averages over the measured widths shoulgy, ot the various components contributing to the calculated

yield good estimates of the average widths and it should bg,,ss section, and also should yield a better understanding of
possible to compare to the expecteddistributions without nonstatistical signatures.

correcting for missed resonances. These comparisons are
shown in the top of Fig. 3. For the theoretica distribu- o
tions, averager widths were calculated from simple aver- A. Definitions

ages of the widths determined in the resonance analysis and The statistical modeHauser-Feshbach approagas,29

the degrees of freedom values were taken from B&f.In assumes the compound nucleus reaction mechanism and a
an attempt to depict the uncertainties in thgvalues, two  nyclear level density sufficiently high to be able to average
histogram curves are plotted in each part of Fig. 3 correycross it. In this approach, the cross section between a target

Resonances for which only upper limits were determined argne o channel in our cagés given by

plotted at the fitted values plus and minus their uncertainties

as determined bysamMY. For the 44 firm 3 resonances HF_”_2 (1+5|j) _E (23+1)

(' »)=1.50ueV, whereas for the 45 firm “4resonances 7= K2 (21, + D+ 3,

(I'py=1.24 ueV. As shown in Fig. 3, the theoretical distribu- : '

tions are substantially different from the data. Furthermore, Ti(E, J, mTe(E, J, 7T)W. (E, J, (3)
the agreement cannot be improved by, for example, decreas- TYE, J, m) e

ing the average widths and increasing th_e number of 39 this equationk; is the wave number of the projectilg
nances in an attempt to correct for possible effects due tQ ! '

. — andl; are the spins of the target and projectile, respectively,
.mllssed resonances. (_)n the other hand,fer3” resonances and tJhe transmission coefficienfsCs) T(E, J, ) and width
it is possible to obtain fairly good agreement between th luctuation correctionsWFC) W. (E. J. ) are defined b
data and the theoretical distribution if the resonance with th(% et y
largesta width at 184.76 eV is excludeg@esulting in(I",) 29]
=1.05 eV andN=43). For J=4" resonances however, rea- 2
sonably good agreement can be obtained only if 3—4 reso- T(E,J, m) = m<FJ,w(E)>1 (4)
nances with the largest widths are excluded. These are the o
same resonances that cause the large steps in the top partaofd
Fig. 2.
One final piece of evidence on the unusual nature of they, (E,J,m = U5 4(E) e +(E) <F5?;(E)> _
extractedw widths is revealed in a comparison of the average  © ' 'Y (E) (T} 3,2 E)Ce s (E))
widths for resonances for the two different spins. In the en- (5)
ergy range of this work, emittedr particles from the
147Sm(n, a) reaction are below the Coulomb barrier, so pen-The decaying compound nucleus is characterized by the av-
etrability is a steep function of energy. Therefore, the averagérage level spacinB(E, J, m) of states with spid and parity
« width for 3™ resonances is expected to be 5-10 times larger at the excitation energig. Note that in the laboratory;
than for 4 resonances because the latter are forbidden bgontains only the transition to the ground state of the target,
parity conservation from decaying to thé round state of whereasTl, contains a sum over all possible transitions in the
144Nd (and hence on average have less engnghereas the exit channel. The WFC correlate the incoming and outgoing
former are not. However, as noted above, gheidths aver- ~ channels and account for preequilibrium effeldtg < 1) by
aged over all resonances with firm spin assignments are atearranging the flux into different channels. In practice, they
most equal for the two spin states. Furthermore, the usually are implemented by applying corrections to the cal-
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culated widths. For our case it is important to note the dif- TABLE Ill. Parameter of the basic Woods-Saxon potentials.
ference between widths obtained with or without WFC. The
WFC are a model effect. Therefore, widths calculawgth-  Potential \Y re a W f g
out WFC should be used when comparing to directly mea- MeV fm fm MeV  fm fm
sured widths. These are the averaged widihsfound in the
above equations. However, in the calculation of statisticaPt (33 1850 140 052 250 14 0.2
model cross sections, the WFC are important and must bB2 [34-3§ 1623 127 048 250 14 052
included. For the(n, ) energy range studied here, this
strongly affects the neutron channel, introducing a further , ,

uncertainty in the theoretical modeling of the cross section®"€ basic shapéWoods-Saxop and two basic parameter

Nevertheless, the WFC are generally thought to be well unSets; the one of Ref.[33] (potential P1, standard
derstood. NON-SMOKER setting$ and the other from Ref$34—-3§ (po-

The strength function$ extracted from the experimental €ntial P2). Cross sections for th&’Sm(n, «)**Nd reaction

data are closely related to the theoretical TCs, calculated using potentid1 are a factor of 3.3 larger than
the data[3], whereas calculations made using potenial

T(E,J, m 5 are in significantly better agreemegat factor of 1.4 higher

o7 (6) than the datpwith these data as well as data from a number
) _ ) ~of other reactions.
and generally_ |_nclude all energetically and spin-algebraically gqth potentials use standard Woods-Saxon shapes in the
allowed transitions from the compound stéke J, ) to the  yeq| and imaginary parts of the radial potentigl
final states. As seen in Fig. 6, this includes thg a4, ay, ...

SE,J, m) =

transitions in thex channel for the 3compound resonances \% . W

but excludes they, transition for the 4 resonances. In the u(r) =- r —r.Al3 - r—r. A3\
calculation, above the first 10 excited stated4iNd the sum 1+ exl<—r) 1+ EXF<—')
over individual states is replaced by an integration over a & &

level density in*Nd. However, in the present case most (7)

of the contribution to the total TQor strength functioh

arises from the lowest-lying states included explicitly. The parameters are given in Table Ill. It is interesting to note

Thus, any possible error in the level density in the fina)that the Imaginary parts of the two potentials are the same.
nucleus is strongly suppressed and does not affect thlgeverthelessPZ yields a value closer to the measured cross
TCs section. At first glance, this seems counterintuitive as it is

The TC for a given transition with specified quantum commonly stated that the imaginary part of the optical po-

numbers is computed by solving the stationary Schrt')dinge'i“;’m'al determines the TC. However, it is more correct to

equation with a given optical potential. Thus, the TCs areotet€ that the TC is given by the imaginary part of the wave

sensitive only to the optical potential. function which iq turn_ depends on the relativg strengths of
It becomes evident from the considerations above '[halt,he real and the imaginary parts of the potential. . .
when possible, it is preferable to compare calculated TCs to As can be seen, the calculated strength functions in th_e
strength functions extracted from experimental data. Th&eutron channel are about a factor Of 2_ larger _than experi-
TCs are primary quantities depending only on the opticafnent for both 3 and 4 resonances. It is interesting to note
potential; thus, this approach makes it possible to disentangffg'at the standardioN-SMOKER [31] level spacingsDo=7.4

the various contributions to the theoretical uncertainty. Conf’lnd 6.5 eV for=3 and 4 resonances, respectiyelye about

verting strength functions to theoretical widths adds the un? factor of 2 smaller than the measured ones; hence, the

certainty in the compound level density(E,J, ) calc?latig average neugon lw'dthi_ﬁ.re.l'ln ffurlty g?ﬁd agree-
=1/D(E, J, ). Comparing cross sections includes all pos-men wi € measured values. 1his fustrates the impor-

sible errors in the widths of the different channétgptical tance of making the comparison between theory a_nd expert-
. . ment as strength functions, for if instead average widths were
potentialg, the level density, and the WFC.

compared, the confounding influence of the level spacing
might lead one to conclude that there was better agreement
between theory and experiment than there actually is.
Strength functions calculated employing the same meth- For potentialP1, in the E,=0-300 eV range, the calcu-
ods used in the statistical model codeN-SMOKER [30—32 lated 4 « strength function is about a factor of 2 larger than
are compared to the data in Figs. 4 and 5 and Table IIl. Thesmeasured, but the calculatedstrength function fod”=3" is
calculations were made to illuminate the various confoundin more serious disagreemeiatfactor of about 6 largemwith
ing effects that enter into calculations of cross sections anéxperiment. In thés,=300-600 eV range, the 4 strength
reaction rates as well as to ascertain whether it is possible tvnction calculated with potentidPl is in good agreement
reproduce the data using optical model strength functionsyith the data, but for 3resonances the strength function is
especially given the indications of nonstatistical effects notedn even more serious disagreeméattout a factor of Ly'than
above. it was in the lower-energy region. PotentiBR is clearly
Several differently parametrized potentials are availabléetter thanP1 in predicting thea strength function for 3
in literature, but for simplicity we limit our investigation to resonances and for 4esonances in th&,=0-300 eV re-

B. Comparison of strength functions
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gion. However, as shown in Fig. 5, both potentials strongly VIl. CONCLUSION

overpredict the 3-4" « strength function ratio, potenti&l2 Comparing theory to experiment asstrength functions
yielding a ratio only slightly smaller than that calculated with rather than as*’Sm(n, «) cross sections avoids confounding
potential P1. effects due to the neutron andchannels, level densities, and
These comparisons as strength functions indicate that thgidth fluctuation corrections and therefore can reveal more
optical a+'4Nd potential requires more adjustment thanyseful information about possible improvements to theoreti-
would be surmised from comparisons as cross sectiongal models by isolating effects due to the nucleus poten-
However, it should be noted that the cross-section comparkial. Furthermore, separating the data into the two possible
sons were made at higher energiEs~ 10-500 keV where  s.wave spin states may yield even more information about
contributions fromp-wave resonances are expected to bethe a+nucleus potential, becauseparticles from 3 reso-
come more important. Furthermore, the disagreement berances havéon averagglarger energies than those from 4
tween calculated and actual strength functions might becomgsonances and hence they sample a different region of the
smaller at higher energies as has been found in other reag~+nucleus potential. Therefore, differences between the
tions. Nevertheless, it is informative that both the calculatedneasured and calculated strength functions for the two
neutron andx strength functions are too large—a fact that different sswave spin states should be useful for future im-
could not be surmised from comparisons asprovements in thea+nucleus potential. An improved
147Sm(n, a)*4Nd cross sections. +nucleus potential would be very useful for astrophysical
As shown in Fig. 5, the ratio of the calculatedstrength  applications.
functions for the twos-wave spin states is constant over the Interestingly, it is clear from the data presented in Fig. 8
energy range of resonance analysis. This is in stark contraghat the extracted widths exhibit fluctuations different from
to the measurements which show a steep decrease in thise expected behavior and hint at possible nonstatistical ef-
ratio aboveE,=300 eV. Regardless of the potential used, itfects. One striking feature is that thewidths exhibit peaks
will never be possible to achieve such an abrupt change iand/or regions of large fluctuations as a function of neutron
the ratio within an optical model of strength functions. How- energy instead of the expected random fluctuations interme-
ever, it is possible that the abrupt change in the& «  diate to that for neutron angt widths. Perhaps these peaks
strength function ratio is due to incorrect spin assignmentare a manifestation of a nuclear structure effect in'¥®m
aboveE,=300 eV. Therefore, it is interesting to study if cal- compound nucleus that is not observable in decay channels
culations can reproduce the measured ratio belgyv other than thex channel. One important difference between
=300 eV where the data should be very reliable. Two conthe decay of thé*Sm compound nucleus into tkechannel
clusions can be drawn from a more systematic variation o€ompared to decay into the neutronypchannels is the large
the parameters of a Woods-Saxarpotential which we at-  Coulomb barrier that the: particles must overcome. Hence,
tempted. First, the absolute values of the strength functiong is possible that the Coulomb barrier fardecay could act
are far more sensitive to the potential than is the& «  as a lever arm enhancing the signature of nuclear structure
strength function ratio. Trying to reduce to calculated ratioeffects that are too subtle to be observed in other channels.
by only the smaller amount needed to reproduce the medor example,« decay could be enhanced for compound
sured ratio in the region belo®,=300 eV quickly leads to states with significant deformation and fdf=4" states of
strength functions which are orders of magnitude larger thagignificant collectivity(because they decay mainly to the
the observed one@nd hence also to an inferior description =2 first excited state of*4Nd).
of the cross sectign Second, it is impossible to obtain a  Further evidence for possible nonstatistical behavior of
37—4 a strength function ratio smaller than unity with any the o widths is revealed when the resonances are separated
Woods-Saxon potential. In consequence, it is impossible taccording to spin as shown in Figs. 2-5. The striking dis-
reproduce the small ratio observed abdig=300 eV with  agreement with theoretical expectations shown in these fig-
any such calculation. Thus, from this analysis it appears thaires depends on reliable spin assignments for the resonances.
a 3 -4 a strength function ratio smaller than unity may be The spin assignments used in these figures rely on the results
an additional indication of a nonstatistical effect in the data.of Ref. [18], the good match between the energy scale for
Finally, theNON-SMOKER calculation predicts that 78% of this reference and our work, and the crude pulse-height in-
the 14’Sm(n, @)**Nd cross section is given by transitions formation from our experiment for resonances having large
from 3~ states, 12% from 4 states, and 10% from other « widths. Below=300 eV, the spin assignments used herein
states(higher partial waves Of the 3 transitions, 67% di- should be very reliable. Therefore, it is very interesting that
rectly populate the ground state §¥Nd, which cannot be our exploratory calculations show that, even in this energy
reached from 2 resonances. New measurements in whichrange, it is not possible to reproduce the obsemwedtrength
the variousa groups are resolved would be very useful for functions as well as the™3-4~ « strength ratio at the same
testing these predictions. The relative contributions of thagime using a Woods-Saxon potential.
various transitions also shows why it is more important for The a-width distributions shown in Figs. 2 and 3, as well
cross section predictions to reproduce theTEs than the as the striking change in the 34" « strength ratio near
37—4 ratio. Therefore, potentiaP2, which has essentially 300 eV shown in Fig. 5 depend on reliable spin assignments
the same 3-4" ratio as potentiaP1 but comes much closer above 300 eV. For a number of reasons, the spin assign-
to reproducing the 3TCs, yields a cross section in better ments in this region may not be as reliable, so it would be
agreement with the measurements. very useful to make new*’Sm(n, a) measurements with
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thinner samples to check spin assignments, especially fowell as more precise neutron widths. Finally, ), (n, ),
those resonances having the largeswidths. In such mea- and neutron total cross sections on other nuclides in this
surements, resonances having visiblg groups to the mass region should be very useful in shining more light on
ground state of*Nd unambiguously could be assigned asthis interesting problem.

J=3. The a-particle spectra for the few resonances below
E,=185 eV that have been report¢d] are in agreement
with the acceptedll7] spin assignments, except possibly the
58.130-eV resonancés7.9 eV in Ref.[4]), which is as- We would like to thank J. A. Harvey, J. E. Lynn, Yu. P.
signedJ™=3" but has an almost invisibler, group. New Popov, S. Raman, and F.-K. Thielemann for fruitful discus-
neutron capture and total cross-section measurements @ions. This work was supported in part by the U.S. Depart-
147Sm also could be useful. New measurements with highement of Energy under Contract No. DE-AC05-000R22725
resolution and sensitivity could reduce uncertainties indhe with UT-Battelle, LLC, and by the Swiss NSgrant No.
widths by identifying some of the missing resonances in the2000-061031.0R T.R. acknowledges support from the Swiss
relevant energy range and by providing moyenidths as  NSF (Grant No. 2024-067428.01
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