PHYSICAL REVIEW C, VOLUME 65, 045801

Thermal-neutron capture by 2°%Ppb

J. C. Blackmon and S. Raman
Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

J. K. Dickens
Joint Institute for Heavy lon Research, Oak Ridge, Tennessee 37831
and Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996

R. M. Lindstrom and R. L. Paul
Analytical Chemistry Division, National Institute of Standards and Technology, Gaithersburg, Maryland 20899

J. E. Lynn
Los Alamos National Laboratory, Los Alamos, New Mexico 87545
(Received 8 November 2001; published 12 March 2002

We have observed sevenrays following subthermal-neutron capture #Pb and incorporated them into
a level scheme of®Pb consisting of five excited levels. The measured neutron separation enéfjpiois
3938.0£0.5 keV. The thermal-neutron capture cross sectioR’#b was determined to be 2302 ub. The
theoretical estimates are 8p or 550 ub, depending on the model used for the compound-nuclear compo-
nent; however, these values are not inconsistent with the data if the statistical distribution of the theoretical
estimates is taken into account. The thermal-neutron capture cross sectioct&Ptorand 2°’Pb were also
determined and found to be 26:6.2 mb and 61630 mb, respectively.
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. INTRODUCTION 207pp(t, p)2°%Pb [20] reactions afE,=3947+5 keV, which
would correspond to a resonanceEgt=9 keV, has not been

The doubly magic nucleud®®Pb has one of the smallest observed in neutron capture or transmission measurements.
cross sections for neutron capture of any stable nudlels If no significant resonances exist f&,<43 keV, then the
The valueQ=23.94 MeV for the?®®b(n, y)?*Pb reaction is  direct-capture process will dominate the cross section in this
the lowest (,y) Q value for any stable nucleus heavier thanenergy region which is important for tresprocesg16,21.
15N [2]. The low density of states if®Pb near the neutron  Only three measurements of the tot&fPb(n,y)2°%Pb
threshold means that few resonances exist in theross section have been reported. A value ofA.® mb was
2%8ph(n, y)2%%Pb reaction at low neutron energigd], and  reported from measurements using a natural lead sample and
the direct-capture procedd] is expected to dominate the an Sh-Be photoneutron sourc& (=24+3 keV) [22]. A
capture cross section. While the direct-capture process ismeasurement was performed more recently at the Karlsruhe
well known in light nuclei5-12], there have been few stud- 3.75-MV Van de Graaff accelerator using a distribution of
ies in heavier systems. TH&%Pb isotope is a good target for neutrons from théLi( p,n)’Be reaction that was designed to
the study of direct capture, but few measurements have beeiosely approximate that of a Maxwell-Boltzmann distribu-
performed, and the nature of t#€%b(n, y)?°Pb cross sec- tion with a thermal energy okT=25 keV. A capture cross
tion for E,<<30 keV remains largely unknown. section of 0.3%#0.02 mb was reportef®3].

The 2%%Pb(n, y)?°Pb cross section is also important for ~ The only reported measurement of the thermal-neutron
understanding the nucleosynthesis of the heavy elementsapture cross section is by Emery. We reprint here the rel-
The lead isotopes are produced by slow-neutron cafidare evant portions of his repoif24]: “Thermal-Neutron Cross
proces$ nucleosynthesigl3]. The heaviest element that can Sections. — The center hole in the easttank of the Bulk
be produced by the process is?*Bi. This isotope may be Shielding Reactor has a thermal-neutron flux of X1B'2
produced only weakly by the process and instead result neutrons cm? sec!. This facility was used to deter-
primarily from the alpha decays of heavier nuclei producedmine the thermal-neutroficapturg cross sections for the
by rapid-neutron capturér-procesy nucleosynthesigi4]. 54Ni(n, v)®*Ni and 2°%b(n, v)?°%Pb reactions. Dilute Au-Al
The abundance of°Bi could provide an important con- alloy (0.100% Ay was used to measure the thermal-neutron

straint on the neutron flux in treprocesg15,16. The origin  flux . . . . Thedisintegration rate of°*Pb was determined by
of 29%Bi remains uncertain resulting from uncertainties in thea 4z beta counte. . . . Thethermal-neutrorfcapturéd cross
2%8ph(n, y)2°%Pb cross section. section 0f2%%Pb was determined to be 4880 microbarns.”

The resonant®®Pb(n,y)?°*Pb cross section has been No further experimental details are reported.
studied by both neutron capture and transmission measure- We have measured th&@%Pb(n, y)2°%Pb cross section us-
ments on?*®Pb at pulsed neutron sources, and the lowesting a cold neutron beam. Our experiment provides the first
energy resonance was reportecEgt=43.3 keV[16-18. A measurement of high-resolutiopray energy spectra pro-
state J=3,%,0r 3) seen in the?®®b(d,p)?®Pb [19] and duced from this reaction. Cross sections for the
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TABLE I. The isotopic composition of the radiogenic lead of the radiogenic lead with a 0.402-g standard sample of

sample used in these measurements. reactor-grade graphitgvith the same 18 mm diameter as the
lead sample The cross sections for the productionofays
Isotope Atom % from the 2°%Pb(n, y)?°%Pb reaction were determined by nor-
204 <0.04 malizing the observed vyields attributed to this reaction to

those from theC(n,y)*C reaction. This normalization

206 26.0-0.2 . . .
207 1.66-0.04 procedure eliminates potential sources of systematic uncer-
208 7'2 3t0 5 tainty; for example, as might result from the neutron fluence

and absolute detection efficiency. Cross sections determined
in this manner depend only upon the yields, the ratio of the
number of target atoms, and relative efficiencies feray
detection.

Prompt capturey rays were detected by the NIST Prompt-
amma Activation AnalysiSPGAA) Spectrometer, a 26%
high-purity germanium detector with a surrounding bismuth
rmanate(BGO) Compton-suppression detectf?5,26|.

e detector was completely shielded, except for the line-of-
sight to the sample, by a 10-cm-thick layer of lead and a
ayer of SLi-loaded plastic. A conical lead collimator be-

results are presented in Sec. Ill, and the level scheme jyveen the detector and sample restricted the detector’s field

209h deduced from these measurements is discussed in S& V€W t0 an area slightly larger than the sample size. The
%‘otopeak efficiency of the detector was determined at 46

IV. The cross sections for the?*®Pb(n,y)2Pb and P . .
20ph(n, y)2%8Ph reactions are presente(d Tr)l Sec. V. Theway energies between 122 and 8579 keV by measuring the

L : . . . yields of y rays from a calibrated®Eu sourcd27] and from
theory of radiative capture is described briefly in Sec. V1.4 standard®™Cl(n, y)*°Cl reaction[28]. For studying the

Using this theory, we have calculated the cross sections fqatter reaction, a polyvinyl chloride sample with the same
neutron capture to states fi%b and have compared them toodiameter as the lead sample was used
J .

the measured values. Conclusions and plans for further stu
are presented in Sec. VII.

20%Pp(n, )2°Pb and 2°Pb(n, y)?°%b reactions were also
measured. At low neutron energi€s,<1 keV, the centrifu-
gal barrier suppresses the interaction of neutrons with anth-;
lar momentum other thah=0. The cross section at these
energies is expected to have the usual &hergy depen-
dence. We deduce thermal-neutron capture cross sections Iﬁﬁ
208pp 297pp, and?°%Pb from our measurements with cold
neutrons under this assumption.

The experimental technique is described in Sec. Il. Th

Ill. RESULTS

II. EXPERIMENT DESCRIPTION )
A y-ray energy spectrum was collected for a period of

The 2%%b(n, y)?°%Pb reaction was studied at the National 69.6 h using the composite sample of radiogenic lead and
Institute for Standards and Technolog)MIST) Center for  graphite. A portion of this spectrum is shown in Figajl
Neutron Research using neutron beams from the Resear@pectra were also collected using the graphite sample only
Reactor NBSR. Measurements were performed using and with the radiogenic lead sample only. The spectrum
guided, cold neutron beam extracted from the liquid hydrotaken with the carbon sample is also shown in Fig) lwith
gen cold source. A radiogenic lead sample with enhanceen arbitrary normalization The spectrum taken with the car-
208 content was placed 41 m from the cold source on théon sample was normalized to the spectrum taken with the
neutron guide NG-7. The neutron beam was filtered througltomposite sample using the yields of the 1262- and 3684-
12.7 mm of beryllium and a 203-mm-thick single-crystal bis-keV vy rays from the'?C(n, y)3C reaction, and subtracted to
muth filter. For neutron energies less than 5.2 meV, the newbtain a net spectrum attributed to interaction of the neutron
tron energy distribution was approximately that of a Max-beam with the radiogenic lead sample. A portion of this net
wellian corresponding to a temperature of 20K7 me\j. spectrum is shown in Fig.(&). Seven peaks were observed
Neutrons with energies greater than 5.2 meV were greatlat energies that correspond to either primary transitions to
attenuated by the filters in the beam, and there are essentiakyjown levels in 2°°Pb or secondary transitions between
no fast neutrons at the sample position. known levels in?*Pb below the neutron threshold. No peaks

The lead sample used in these measurements consistedwére observed in the carbon spectrum at these energies, and
2.318 g(18 mm diameter by 0.8 mm thiglof radiogenic  the peaks assigned t3°Pb could not be associated with any
lead. The isotopic composition of the sample was determinetikely background sourcg29,30.
by mass spectrometry and is given in Table |I. The sample The energies of they rays attributed to the
was held under vacuum in a magnesium alloy chamber witf%pPb(n, y)2°%Pb reaction are summarized in the first column
thin (0.5-mm-thick entrance and exit windows. The sample of Table II. The cross sections for the production of thgse
was oriented at 45° relative to the incident neutron beamrays, |,,, were determined by normalizing the observed
The neutron beam was collimated to 20 mm in diameter by gields, Y(E,) to that of the 1262-keVy ray from the
®Li-glass aperture. The sample was smaller than the neutrofC(n, y)13C reaction by
beam; therefore, the number of neutron captures was propor-

]'E:onal to the total number of target atoms and the neutron Y(E.) €(1262 kel
uence rate. | . =4.11 Y |12621 (31)
Data were collected using a composite sample consisting 7 Y(1262keV  €(E,)
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FIG. 1. (a) y-ray energy spectra collected using the composite sample of radiogenic lead and reactor-grade(goégHiine) and using
the graphite sample onlidashed ling are shown. The spectrum collected using the graphite has been multiplied by an arbitrary normal-
ization. (b) y-ray energy spectra collected using the radiogenic lead saisglid line) and with no sample in pladelashed lingare shown.
The background spectrum collected with no sample has been multiplied by an arbitrary normalizafidre net spectrum obtained by
subtracting the spectrum taken with the graphite sample from the spectrum taken with the compositéreamplized to theC(n, y)**C
reactior] is shown. The origins of the most prominent lines are indicai@dThe net spectrum obtained by subtracting the spectrum taken
with no sample from the spectrum taken with the radiogenic lead safnpienalized by the ratio of the collection timas shown.

where€(E,) is the photopeak efficiency of the detector for ~ We assume that the ratios of tf8%b(n,y)?*Pb cross
detecting ay ray of energyE,,, and 4.11 is the ratio of’C  sections to the'’C(n,y)**C cross sections at the cold neu-
to 2%Pb atoms in the composite sample. Thetron energies used in our measurement are the same as the
20%h(n, v)?°°Pb cross sections were also normalized to theatios at thermal energies. Therefore, thermalcross sec-
3684-keV y ray from the 12C(n,y)13C reaction in a similar tions for the?*®Pb(n, ) “°Pb reaction were determined from
manner. Eq. (3.1) by setting the'?C(n,y)**C cross sections to the
measured values using a thermal-neutron bdapg,= 1.09
+0.02 mb andl z4g,=1.08+0.02 mb[31]. The cross sec-
tions obtained using these tworays for normalization were
consistent within statistical uncertainty, and the average of
the two values is provided in the second column of Table II.
The uncertainties in the relativgray efficiencies(2—3 %

and in the'?C capture cross sectiorig8%) have been added
465.3(3) 188(17) 166(14) 175(12) 2032-1567 in quadrature to the statistical uncertainties to arrive at the

TABLE II. The cross sections for production ¢frays from the
20%ph(n, ) 2°%Pb reaction with thermal neutrons.

PbC sample Pb samfle Adopted
E, keV)® 1, (ub)® 1, (ub)® 1,(ub)® Placement

970.5(5) 21 (9) 25 (10 23(7) 2538-1567 uncertainties given in Table Il, but these are insignificant
1400.3(3) 21(4) [42 (10 25(5) C—2538 compared to the statistical uncertainties except for the stron-
1567.1(3) 230(12) 230(12) 15670 gesty ray. The uncertainty in the number of target atoms is
1621.5(7)  21(13 34(12  28(9 C—2319 negligible. N
1788.3(4) 54 (11) 42 (15) 51 (9) C— 2149 Several of the obsgryed transitions are wéags than &
1905.7(4) 78 (13) 79 (14) 78(10) C—2032 observationg and additional measurements were performed

to improve the sensitivity. The high-purity germanium detec-
&The cross sections were determined relative to the 1567skey.  tor in the PGAA spectrometer suffered some damage from
®In this notation 465.83)=465.3+0.3, 188(17)=188+17, etc. The  neutron irradiation and was replaced with a detector with

uncertainties refer to one standard deviation. improved resolution. A thin piece of cadmium was added
“Contaminated by neutron capture on the cadmium between thbetween the sample and the detector to reduce background
sample and detector. from neutrons scattered from the sample.
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TABLE IIl. Level scheme of?°*Pb as determined from this work.

E2 E, (Ref.[32)) 31,(in) 21, (out) 21, (in—oud
(keV) (keV) J7 Deexcitingy rays (ub) (ub) (ub)

0.0 0.0 9+ 230(12) 230(12
1567.1(3) 1567.09(3) 3+ 1567.1 198114  230(12) —32(19
2032.4(4) 2032.22(4) i+ 465.3 15717  175(12) —18(21)
2149.7(7) 2149.43(4) - 117 51(9) 51(9) 0(13
2316.5(9) 2319(2) (%,) 284 28(9) 28 (9) 0 (13
2537.7(5) 2538(2) 3+ 970.5 25(5) 23(7) 2(9)
3938.0(5) 3936.8(1.4) i+ 1400.3, 1621.5, 18217 —18217)

1788.3, 1905.7

8n this notation 1567.13)=1567.1+0.3.
bUnobserved because of the large background atjay energies. The intensity is inferred from the known
decay schemg32].

A portion of ay-ray energy spectrum collected for 109.5h  The level scheme of**Pb deduced from our work is sum-
using the radiogenic lead sample is shown in Fih)lA  marized in Table Ill. The energies determined from each
background spectrum was also collected with no sample itevel are consistent with the adopted value from the literature
place. The background spectrum, divided by an arbitrary noif32]; however, we have obtained more precise energies for
malization, is also shown in Fig(l). The background spec- the levels at 2316:50.9 and 2537.Z0.5 keV. In addition,
trum was normalized to the spectrum collected using thave determined the neutron-separation eneigy) ©f 2°Pb
radiogenic lead sample by the ratio of the collection timesto be 3938.6:0.5 keV. Our placements are also summarized
and subtracted from the lead spectrum. The same energy rig+ Fig. 2.
gion of this background-subtracted spectrum is shown in Fig. We have established a nearly complete picture of the neu-
1(d). No additionaly rays from the?®®Pb(n, y)?°Pb reaction  tron capture spectrum oi®®Pb. The observed cross section
were observed in this measurement. The cross sections fpopulating each level.| (in), and the observed cross sec-
the 2%%Pb(n, y)2°%Pb reaction are given in column 3 of Table tion from the deexcitation of each level) (out), are shown
II, where the cross sections have been normalized to that af the fifth and sixth columns of Table IlI. If the level scheme
strongesty ray, the 1567-keV ground-state transition. The

yields of all of the observed transitions agree with those of /2 captute 228
the previous measurement except for the peak at 1400 keV,
which was contaminated by a background peak arising from —
the capture of scattered neutrons by the cadmium placed be- - |~ ot
tween the sample and the detector. We adopt a weighted v Sl =
average of the values from the two measurements which is 0 ol e
shown in column 4 of Table II.
32+ | I I 2538
IV. PLACEMENT OF THE OBSERVED (31/2 ) = 2317
20 e,
TRANSITIONS IN 2%%Pb 1;; = e
The placement of the seven observedays in the?’Pb \\%w -
level scheme is summarized in the last column of Table II. 5/2+ 1567

The energies of three of the observedays correspond to

previously reported transitions among known level$4#Pb

[32]. These arée,,=1567.10.3 keV, corresponding to the

ground-state transmon from the" level atE,=1567 keV; 100
E,=465.3-0.3 keV, the transition from théJr level atE,
—2032 keV to the3™ level atE, —1567 keV; E,=970.5
+0.5 keV, the transition from the3* Ievel at E,
=2538 keV also populating thg* level atE,=1567 keV.
The other four observed rays, E,=1400.3-0.3, 1621.5 FIG. 2. A partial level scheme d®Pb is shown. The observed
*+0.7, 1788.%30.4, and 1905.20.4 keV, were identified as  rays from the?®®b(n, y)2°%Pb reaction are indicated. The widths
primary transitions from the capturing state to excitedof the lines(and the included numb@rshow the relative strengths
states in?Pb atE,= 2538, 2319, 2149, and 2032 keV, re- of the transitons normalized to the 1567-keV ground-state
spectively. transition.

9/2t g.s.
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TABLE IV. The measured total capture cross sections for theoscillator[36] and from the measured ratios of tR¥Pb and
lead isotopes are compared to the values determined from previou®épy  cross  sections to that of°’Pb [35]. [The
measurements. 20%h(n, v)?°%Pb cross section was taken to be negligiple.
Our cross sections fof°Pb and?°’Pb are compared to the
previous values in Table IV and are found to be about 13%
lower. The source of this discrepancy is not known; however,
204pp, 66170 Ref.[38] _ the total capture cross section for many elemeniagne-
206py 30.5-0.7 Refs [35,36 26.6+1.2 sium [10] and coppef37], for examplé has been found to

Cross section This work
Isotope (mb) Reference (mb)

be about 7% lower than determined by the pile oscillator
207,
Pb 70310 Refs.[35,3§ 610=30 measurements of Ref36]. This could explain much of the
208pp 0.487-0.030 Ref[24] 0.230+0.012 observed discrepancy.
Natural Pb 1742 Ref.[36] (151=7)2

VI. THEORETICAL CONSIDERATIONS

®The cross section for neutron capture B/Pb was taken to be ] o
66170 mb from Jurney, Motz, and Vegof38]. Because2°%Pb is a double closed-shell nucleus, it is

possible to calculate neutron capture cross sections with

is complete, the observed cross sections populating and dge_azorjriblef_actcyra}tﬁy. Two contgbutl()lns ”eedt tg ?e consid-
populating each level should be equal. The 117- and 284—ke\Z:ﬁe'd b ea I;Sealrsb rig%%rgﬁggnor'ggc r?c?rsf:;)tg n‘rﬁéosnéc%%- i
vy rays from the decays of the 2149- and 2317-keV levels to y y u ' :

irect capture.
the 2032-keV level were not observed because of the IarggIrec
background at lowy ray energies, but we infer the strengths Two consequences of the shell nature¥pb are that the

of these transitions from the known decay branchings o eutron separation energy of the compound nucféiRb is

these leveld32]. Given the inferred strengths of these two t())v;l onlo3|/ tﬁ'9t38 M,?V]; &ndl SO IIS Lhei Ievtehl dens;ty. Thus, it tl's
low-energy y rays, %1,(in) is generally well balanced by elieved that most of the fevels below the neutron separation

e - known. Certainly, there is not an order of magni-
21, (out). A small missing contributior,,~30 ub, captur- energy are i . 1o 3.
ing into levels with E,>2032 and cascading through the tude change in the level spacing of the=3" and3 " levels
E,=1567 keV level, i.e.C—E,—1567—0, would balance between those found in reactions such dspj below the
the intensities for all observed levels, including the intensi-nemron separation energy and those found by the much

ties of the primary and ground-state transitions. This smalphgrz(;:eﬁ:?&?/g ttﬁgpg'r?gre of neutron cross-section mea-
remaining strength could be fractionated, making it too weak : gy.+
to be observed in these measurements There is only one knowrs* level below the neutron

The experimental spectra were carefully studied for othepeparation energy. This level is at 2.032 M(.EV’ a'nd_|t has a
possible primary and ground-state transitions. None wer d.p) s_pectroscpplc factor of 0.98. Thus, we identify it as the
found exceeding the experimental sensitivity of aboupb0 | S12 single-particle neutron level. The next knowr level
We conclude that all of the capture strength cascades throu f thes—wa_ve resonance at_O_.507 MeV. This resonance has a

4 eutron width of 53 keV, giving a reduced width that is 3%
the E,=1567 keV éo) state,zoand that the total thermal o 5 nominal single-particle value. Because the sensitivity of
cross section for thé 8P_b(n,y) Pb reaction is essentially the (d,p) work done on this nucleus is such that levels
equal to the cross section for production of the 1567-keV \ith spectroscopic factors of the order of 0.001 have been
ray, i.e.,o,0s= 230112 ub. detected, it is unlikely that there are any other bodnd
levels approaching the neutron strength of the 0.507-MeV
resonance apart from the 2.032-MeV state. Being a nearly
pure single-particle state, the latter will have its main effect

The 6739- and 7368-keV rays from neutron capture on on the thermal-neutron cross sections through its effect on
205ph and2°’Pb were also observed in these measurementshe neutron scattering length and hence on the direct-capture
From our work and from previous measuremei®3,34 it  cross section. It follows that the only state we need to con-
can be shown that these transitions represent greater thaider in computing the magnitude of the compound-nuclear
99% of the capture by these isotopes. A direct measuremengpture is the 0.507-MeV resonan¢éhe nexts-wave reso-
of the capture cross section for these transitions has not be@ance is at 1.735 MeV and has a similar reduced neutron
previously reported. The ratio of these cross sectiongvidth).

(16739/1 7369 Was previously measured to be 0.648001 by We show in column 5 of Table V the expected values of
Jurney and Motz [35]. We find (lg730/17369 =0.0435 the thermal-neutron capture cross sections from the 0.507-
+0.0013, in good agreement with the previous measureMeV resonance state to the knoyn and3~ bound states
ment. Normalizing the yields of the 6739- and 7368-kgV of 2*Pb. The model for theéE1l transition strength is the
rays to those from thé?C(n,y)*°C reaction, we also find Weisskopf estimate modified by using a sampling of realistic
| 6735= 26.3+ 1.2 mb and ;35g= 600+ 30 mb. The previously calculations of the radial dipole integrdl39]. The formula
reported values for thé®®Pb and**’Pb neutron capture cross for the radiation width is

sections were determined from a measurement of the cross IR

section for neutron absorption on natural lead using a pile I',=2.5x10 "EJ A7 D, (6.9

V. OTHER LEAD ISOTOPES
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TABLE V. Properties of alldJ=3 or 3 states in?°%Pb below the neutron threshold, including both the
measured and calculatédompound-nucleafCN) and direct cross sections for thermal-neutron capture to
these states.

CN Direct Measured

Ex (keV) J7 S E, (kev) Iy (ub) Iy (ub) Iy (ub)

2032 3t 0.98 (4s1,) 1904 (59 @ 66 78+10

2149 3 0.0036/(if 4 py/) 1787 240 62 519

2319 ) 0.0045(if 4 p3) 1617 180 151 289

2538 3+ 1.09 () 1398 (23 @ 0 25+4

2904 3- 1032 47 <10

3031 (:-,29) 0.0012(if 4 p3y) 905 31 32 <14

3076 3- 860 27 <10

3524 3- 412 3

3562 3- 374 2

3637 3- 299 1

3681 (33 0.0029(if 4 py/) 255 1 15

3831 3- 105

&This is unlikely to be a typical compound-nuclear transitisae text and is therefore not included in the
total cross section for the contribution from the compound-nuclear mechanism.

whereE,, is the energy of the transition in MeW is the  close to thermal-neutron energy are exceptions to this rule.
nuclear mass number amis the initial state level spacing, Nuclei that are near to closed shells are also expected to be
for which we have used the value ofl MeV. Only a few  candidates for exhibiting the direct mechanism, because they
transitions contribute to the expected total compound-nucleabo are likely to have final states with strong single-particle
capture cross section of 0.53 mb. Because the individuaddmixtures. In the case of®®Pb, however, the B, and
transition cross sections are subject to Porter-Thomas flugsp, , neutron states are already occupied with the shell clo-
tua}tlons, there is a_Iar_ge variance associated with th.IS expegyre of 2°%Ph, and the P states are expected to lie much
tation value. The dlstrlbutlpn of likely to'FaI cross—sectlpn val- higher in the continuum. In the spectrum below the neutron
ues abOl_Jt th_e_expectatlon value WI|| be apprommatelyseparation energy, there are sevefal and 2~ states, as
exponential, giving only about one-third chance for the acpown in Table V, but their spectroscopic factors are consid-
tu.al Cross sect|0n_b_e|ng gregter than the egpectatlon valuc_a. ably less than 1%. These states could be small residues
widely us,ed empirical version of the Weisskopf model isfom the 3 states or weak fragments well out on the lower
Cameron’s formuld40J: wings of the fractionated @ states. However, if these single-
particle strengths are used to evaluate the direct-capture cross
I',=0.33x10 °ESAYD. (6.2 sections with the method described in Ref1], the results
shown in column 5 of Table V are obtained, giving a tdal
This formula gives cross-section estimates about 40% oflirect-capture cross section of 0.26 mb. The spectroscopic
those given by Eq(6.1). factors are not available for several states; presumably
Another important experimental observation is thvil  they are too small to be measured reliably, and we therefore
transitions in resonance neutron capture are, on averagassume the corresponding direct-capture cross sections
about one fifth of the strength of tH€l transitions. On this to be negligible. The direct-capture components can interfere
basis, the transitions to the two even-parity states at 2.03@onstructively or destructively with the compound-nuclear
MeV and 2.538 MeV will contribute an expected additional (CN) components, but on average the two sets should be
15% to the total capture cross section. These are both almoatlded. Using the CN cross sections given in Table V, we
pure single-particle states, however, and this fact shouldbtain a total capture cross section of 0.79 mb, or 0.47 mb
greatly reduce the transition strength, the typical compoundi the Cameron model is used for the CN component. The
nuclear component going only to the small residue of themeasured cross sections for individual transitions differ at
final state that is not of single-particle character. This aspeainost by an order of magnitude from the estimated CN
is considered further in the next paragraph. strengths, and these differences are not inconsistent with the
Thermal-neutron direct captufd] has been shown quan- expected Porter-Thomas fluctuations in the individual
titatively through a series of papdi®—10] to be the prepon- strengths.
derant mechanism fdE1l transitions over a broad range of = Direct M1 capture is very weak; convincing evidence of
light nuclei. Only a few nuclei with strong resonances fairly it has only been found in a few very light nuclet2]. The
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FIG. 4. The three previously reported measurements of the total
20%h(n, )2°%Pb cross section are shown with the results of this
measurement.

the direct-capture estimates are precise, whereas the
compound-nuclear components will have Porter-Thomas dis-
tributions. So even for a single transition, the analytical form
of the frequency function is quite complicated, ranging from
a narrow Gaussian whency,) <o gir(,) to a Porter-Thomas
form at the opposite extreme. For the convolution of the
several transitions in Table V, we have resorted to a Monte
Carlo numerical method. The total capture cross section has
the form

ai=2 (‘Til(lcz:N)“LU'il(/gir))z- (6.3

The values of the direct components are the square roots of
the entries in Table V and are taken to have positive definite
sign. The CN components are drawn from a Gaussian distri-

bution with zero mean and dispersion equal{@(o;cny))-
The resulting frequency function and probability distribution

FIG. 3. (a) Frequency functions for the total capture cross S€C+or the values given in Table V are shown in Fig. 3. The
tion of 29%Pb calculated by combining direct capture with either the 1 1ean value is 0.86 mb and the variance is 0.38 rithe
modified Weisskopf or Cameron model of compound-nuclear capﬁ,eql'IenCy function and probability distribution for the Cam-

ture are shown(b) The probability distributions for the total capture

cross section ofPb are shown.

single-particle nature of the two final states to whigh

eron model of CN capture are also shown in Fig. 3. The
mean value is 0.55 mb and the variance is 0.16.mb

The measured value of the cross section is 0:2R012
mb. The probability of the cross section being 0.230 mb or

transitions are allowed suggests, however, that it should bFess on the modified Weisskopf model is 6.8%. On the Cam-

considered. Direct capture to the 2.538-MéV state is
ruled out by its single-particlal;, character. The direct-
capture cross section to the 2.032-MéV state (single-
particle character €,,) is calculated to be 0.066 mb. This
value is about the same, as would be estimated from the C

eron model it is about 14%. With the expected compound-
nuclear contribution being an order of magnitude less than
that used for the modified Weisskopf model above, the prob-
bility is only about 13%. These probabilities are sufficiently
igh to suggest that the model of CN capture interfering with

model, ignoring the single-particle character of the flnala smaller but still significant component of direct capture is a

state. It can be concluded, therefore, thal transitions
contribute no more than 10—15 % to tR&Pb capture cross

section.

reasonable one.

VIlI. CONCLUSION

To make an assessment of the degree to which theory is in
agreement with experiment, it is necessary to know the prob- We have measured the thermal-neutron capture cross sec-

ability distribution of the theoretical estimates. In Table V tions for the2°%Pb, 2°’Pb, and?*%b isotopes. Seven rays
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from the 2°%b(n,y)?°Pb reaction were observed, and athe difference between the cross section due to known reso-
level scheme in?°Pb was constructed which establishes anances and the total cross section measurement of Ratzel
nearly complete picture of the capture spectrum. Thd23]. A measurement of thé®®b(n,y)?°Pb capture cross
thermal-neutron capture cross section f8iPb was found to  section and energy spectrum at neutron energies around 1 to
be 0.230:0.012 mb. Our result is plotted in Fig. 4 with the 10 keV, where both the-wave and resonant contributions
other reported measurements of the totdPb(n,y)?°®Pb  to the cross section are expected to be small, would be par-
cross section. We find the thermal-neutron capture cross setieularly desirable to test calculations of thswave com-
tion to be about a factor of 2 smaller than reported by Emeryponent and to reduce the uncertainty that remains in the cross
[24]. The source of this discrepancy is not clear. section in the energy region that is important for the
The *°Pb(n, y)**Pb cross section extrapolated as a func-process.
tion of energy from our measurement is shown in Fig. 4
(dashed ling This extrapolation is accurate for low neutron
energies, where the centrifugal barrier restricts capture to
only sswave neutrons. In the energy region that is important
for thes processE,=5—30 keV, resonances and capture of Oak Ridge National Laboratory is managed by UT-
p-wave neutrons can contribute significantly to the cross sedattelle, LLC, for the U.S. Department of Energy under
tion. Also shown in Fig. 4 is the Maxwellian-averaged crossContract No. DE-AC05-000R22725. The Joint Institute
section resulting from known resonancewlid line) [16].  for Heavy lon Research has as member institutions the Uni-
The known resonances and thavave contribution to the versity of Tennessee, Vanderbilt University, and the Oak
cross section do not account for the reported total cross se®idge National Laboratory; it is supported by the mem-
tions at 25 keV. The differing flux distributions of incident bers and by the U.S. Department of Energy under Con-
neutrons might be a reason why the two measured valudgsact No. DE-FG05-87ER40361. Los Alamos National Labo-
near 25 keV(see Fig. 4 are widely discrepant because of ratory is managed by the University of California for the
strong resonances Bt,>40 keV. It has been proposéi6] U.S. Department of Energy under Contract No. W-7405-
that ap-wave direct-capture contribution could account for ENG-36.
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