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1. Introduction

A classic problem in neutron resonance spectroscopy isgkigranent of the total angular
momentum for resonances formed on targets with non-zero §gie y-ray multiplicity method
is an approach to determining the spins of neutron resosahied uses the spin dependence of
(n,y) spectra. The method was initiated in the 1960s by Coeéwd. [1] at the electron linac of
the Institute for Reference Materials and Measurementsat, Belgium, and later was developed
into multiplicity spectrometry by Muradyaet al. [2] at the Kurchatov Atomic Energy Institute
in Moscow. The method was also applied at the Linac/BoodténenJoint Institute for Nuclear
Research, Dubna [3] and at the RPI linac at Troy, NY [4]. Asthinstitutions Nal(Tl) crystals were
used as scintillation detectors of thgay cascades originating from resonance neutron capture.

The advent of more sophisticated Baffetector arrays for studies of radioactive and/or very
small samples at the LANSCE spallation neutron source aflarmos and at the n_TOF facility at
CERN opened new possibilities for the determination of sgind parities of neutron resonances.
One key motivation was the improvement of the values of wauand photon strength functions.
The DANCE facility at Los Alamos National Laboratory is a 1&§stal array [5], while the n_TOF
array [6] has 40 crystals of a larger size. Here we report emthasurement at DANCE gfray
multiplicities and energy spectra for the resonant reacttvo(n, y)Mo® up to E, = 10 keV and
for the resonant reactioftMo(n, y)Mo® up to B, = 2 keV.

Data for the molybdenum isotopes are important for nucleactor design since molybdenum
is used in some uranium fuel elements. Molybdenum isotopesaiso fission products; their
capture cross sections are required for fuel cycle caloniat These isotopes are also of nuclear
physics interest, since they belong to the mass region wdteyag 'nonstatistical’ electric dipole
transitions fromp-wave capturing states to low-lying positive parity stdiase been observed and
interpreted in the framework of the valence-neutron moseé (Ref. [7] and references therein).
The neutron capture cross sections for molybdenum isotigpesnergies 3< E, < 90 keV have
been measured at the Oak Ridge Electron Linear Acceler@pahd total cross sections were
measured in several investigations — see the Atlas of Ne@esonances by Mughabghab [9].

Prior to our work, an experimental study pfray spectra from neutron resonance capture on
natural Mo was performed in Ref. [1] using a multiplicity etl based on the ratios of single and
coincidence counting rates fropray detectors. The spins of neutrenwave resonances in the
compound nucle?®Mo and®/Mo were assigned up to,E~ 1.25 keV: severap-wave resonances
were identified. A recent study of the, () reaction or?>Mo neutron resonances [10] stressed the
importance of spin values and in this target for determimingliable set ofr-widths.

Relatively strongp-wave resonances are known to be abundant in the atomic p@ies A =
90 — 100; thep-wave neutron strength function in this region is about e stronger than the
s-wave neutron strength function. Therefore a significamblper of negative parity resonances are
expected. Parity evaluations for resonances in the Mopsstare reported in [9]. This evaluation
(of the orbital angular momentum and therefore the parithhefresonance) is based on the separa-
tion of the statistical distributions of the reduced nentwidths ofs- and p-wave resonances [11]
with the use of Bayes’ theorem on conditional probabilityr iAdependent experimental measure-
ment of neutron resonance parities is important to suppiethés probabilistic argument.

The multiplicity method is described in section 2.1, whiledeling of the statisticay-ray
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cascade is described in section 2.2. The experimental mhetibthe data processing are described
in sections 3 and 4. The experimental results and analysigrasented in section 5, followed by a
brief summary.

2. Gamma-Ray Multiplicities

2.1 Method

The y-ray multiplicity method can be applied to those compoundeidfor which the neutron
radiative capture can be described by the statistical mdgdatluding magic nuclei, these are the
medium-weight and heavy nuclei. Tlgeray multiplicity method consists of the measurement of
the cascade gamma spectra after the de-excitation of theaord nucleus formed by neutron
capture. The method is based on the systematics of praiesbiior transitions of various multi-
polarities. Systematics of the photon strength functiees (e.g., Ref. [12]) indicate that except
for transitions between low-lying levels, partial radoetiwidths of dipole (E1,M1) transitions are
on average much larger than those of quadrupole (E2,Mitiams and that the E1 transitions in
heavy nuclei are usually an order of magnitude stronger Mihtransitions. Because of the dipole
multipolarity, after each transition the difference betwéhe spins of the initial and final states in
a given transition is 0 or 1. The multiplicityl; is defined as the average number of transitions (or
photons) per cascade initiated from a resonance withipi; = 3 kPy(k)/ S Py(k). Forswave
neutron resonances the sgihas the valued, =1+1/2 andJ_ =1 —1/2. The average multiplic-
ity is expected to be different far_ than forJ,. This conjecture was established [1, 2, 3] by Monte
Carlo simulations of the gamma-cascades following neutapture. Thel-spin effect on multi-
plicity, although not large for Mo,AM;/ < M >~ 7%), results in the separation bf; values of
s-wave resonances into two different groups, corresponitirige two possible spin valuds = 3
andJ_ = 2. This can be measured reliably with an efficient detectoh s DANCE. Fop-wave
resonances if°Mo the possible spins are 1, 2, 3, and 4, and the situation e mwamplicated.
This is discussed in section 2.2.

Naturally, the spin of the neutron resonance should affetonly the multiplicity distribu-
tions (these are defined as the frequency sp&tia of the number of photongk, emitted in the
cascades) and the average valllig but also the gross structure of theenergy spectrunilc(Ey)
from thek-fold cascades. In some cases yhey energy spectra from neutron resonances depend
significantly on the parity of the resonances. For the madylin compound nuclei the low-lying
excited states up toe- 2.5 MeV all have positive parities. In particular, thevave { = 1) reso-
nances if*%>Mo have negative parity and can decay to low-lying positiagty states by emitting
high energy primary E¥-quanta, while the M1 transitions frosawave ( = 0) resonances to the
same low-lying states are on average less intense. Theydfa prevalence of E1 primary high
energy transitions to these low-lying states should be @masige ofp-wave resonances. This fin-
gerprint feature of the shape of primary gamma spectra dradsb hold for the shape of thefold
(especially two-fold) coincidence gamma spectra. Theectbe shape of spectra was used for
parity assignments of neutron resonances in molybdenum.

2.2 Modeling photon cascades

In order to support the general arguments of section 2.1ylations for%2°Mo targets were
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performed using the DICEBOX code [13]. In these simulatjahs input consists of the experi-
mental level energies, their spins and decay modes for gwade part of the nuclear excitation
spectrum below some valugk, and nuclear models for the level densityE,, J28) and the pho-
ton strength functions (PSFshy., of a given multipolarity and electromagnetic tygd.. The
code includes options for the level density and the phot@ngth functions. Descriptions of these
models are given in the literature, e.g., in Ref. [13].

The complete level scheme and their decay modes includetietiuasi-continuum and dis-
crete regions. The statistical cascade gamma-decay irudm-gontinuum region is simulated by
the Monte Carlo technique. The levels ab@&; are generated by a random discritization of the
chosen level density formula and also simulates the decal} lefvels. For this last task the partial
radiation widths for transitions between any levalandb must be chosen. This is accomplished
with the use of the formula

a+1 fxL(Ea—Ep)

Mab= >ZL%Z(L(Ea —Ep)

whereyy is a randomly generated number from a normal distributioth wero mean and unit
variance. [13]). This provides a simulation of the Porteeias distribution of partial gamma
widths. The combination of the levels generated and thesitian probabilities between these
levels is defined as one nuclear realization from the ensewfijpossible decay schemes. Within
each nuclear realization the code generates up to 50,008d=msvents populating statistically the
known levels. Usually about 20 realizations are requiredrder to provide a statistically signifi-
cant approximation for the cascade characteristics antbiade estimates of their fluctuations.

The simulation results (which depend on the spin of the fiaals and on the models of the
PSFs used) are listed in Table 1. The calculations were ipeeft with the use of a constant tem-
perature level density, the Kadmensky-Markushev-FurnkaviK) model for the PSFE1), single
particle estimates for the PSF of other multipolariti&s;; = 2.5 MeV and they-ray sum en-
ergy window from 7.6-9.2 MeV (the calculated total radiative width§ = 154+8 meV and
Ff,’ = 185+ 20 meV agree with experimental values reported in [9]). ¥o the simulations
predict an absolute difference in average multiplicity bbat 0.30 between resonances with spin
differing by one. This trend for the difference is also refaroed when other models are used. Ta-
ble 1 also provides information on the size of fluctuationMindue to the statistical nature of the
y-decay. Generallyp-wave resonances have larger fluctuations in their averadgpiicity than
s-wave resonances. One concludes that with the use only cdgeenultiplicity values one can
identify J™ equal to T and 2. It is not possible to determine the resonance spin for thitypa
mixed groups of spins (237) and (3",4") from the averag®! value alone.

In order to to determine qualitatively whether it is possitd separate resonance parities (and
therefore identify sping inside the mixed groups) additional modeling was performWd calcu-
lated, using DICEBOX with the same model parameters as aliog-ray energy spectra from the
two-step cascades ending on the ground and first excitezbsi&t®Mo for the initial J* combina-
tions (27,37) and (3",47). Fig. 1 presents an example of spectra for tHe={£ 2+, J™ = 37) case.
The shape of these two spectra is quite different — espgdfal pronounced bump in the middle
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Table 1: Average multiplicity< M; > calculated fos- and p- wave resonances #tMo- and**Mo-targets.
Quantity <Mj>

J 1/2 3/2 1 2 3 4

%Mo, swaves | 3.25(4)

%Mo, p-waves| 3.03(15)| 3.07(15)

%Mo, s-waves 3.90(5) | 4.23(7)
%Mo, p-waves 3.30(15)| 3.68(20)| 4.00(23)| 4.30(25)
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Figure1l: Calculated two-step cascageay energy  Figure 2: Multiplicity spectra for swave reso-
spectra forswave resonances’f = 2) (full red  nances at 263 eMJ('= 2") and 359 eV J" = 3)
line) andp-wave resonancest = 37) (dotted blue  in the®*Mo(n,y)*®Mo reaction.

line) in the®®*Mo(n, y)°*Mo reaction. The size of the

energy bins in the histograms is 150 keV.

part of theJ™ = 2t spectrum and the strong peaks at the spectrum borders fdfthe3~ case.
The calculated spectra fdff = 3" andJ™ = 4~ resonances have similar but weaker differences.

Analogous calculations for tHéMo target led to lower average multiplicity values (see €abl
1) than for the®®Mo target. They also show no appreciable sensitivity<ofl; > to resonance
spin, which in this case is either 1/2 or 3/2. The reason figrdiferent behavior is that there are
many low-lying states in th&Mo product nucleus (below 1 MeV) witB-values of 1/2, 3/2, 5/2,
and 7/2 as compared to only one low-lying levePfiMo (J = 2) in the first MeV. The two-step
y-ray cascades ending on these levels have different maitypValues for a fixed initial spin, and
when a mixture of such cascades is combined the sensitivityetinitial spin is averaged out. This
happens with the DANCE detector and its broad energy rasnlut

Nevertheless, the sensitivity of two-step cascpday spectra to the parity of neutron reso-
nances irf*Mo remains, similar to that observed f&Mo. This due to the different shapes of the
y-ray energy spectra with the same features as describeé.abov

More elaborate modeling of n-step cascades and sum enamgyaapectra for different the-
oretical models of the PSFs and inclusion of fheay energy response of the DANCE detector
system was also performed using the GEANT3 code [14, 15].det&ils will be published else-
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where. In the present paper we consider only the multiglicito spectra, since they contain the
most information on the spin and parity values of the neutemonances in molybdenum.

3. Experimental setup and measurements

3.1 Experimental setup

The experiments were performed at the spallation neutrorceamf the Los Alamos Neutron
Science Center (LANSCE) [16]. The 800-MeV Hbeam of about 625 ms duration from the LAN-
SCE linac is converted to protons by thin foil stripping angkcted into the proton storage ring.
The injected beam is stacked on itself until protons fromedhtre linac macropulse are stored.
This reduces the proton pulse width to about 125 ns full wadthalf maximum. This pulsed beam
is extracted with a repetition rate of 20 Hz and transported tungsten spallation target, where
fast neutrons are created. After passing through a wateeratmt, the moderated neutrons with a
white energy spectrum enter evacuated flight paths. The DAN&ector array is installed on the
20-m neutron flight path 14 at the Manuel Lujan Jr. Neutrontt8dag Center.

The DANCE spectrometer [5, 17] isa4mt BaF, crystal array designed for studying neutron
capture cross sections on small quantities of radioactatenal or isotopic samples. The DANCE
array consists of 160 BaFscintillation crystals, which detegt-rays following neutron capture.
The array is highly segmented to reduce the high instanteneount rate per detector. Each
crystal has a length of 15 cm, with an inner radius of 17 cmtiertiall. The area of each crystal
facing the target isv 23 cn?; the volume of each crystal is 734 émNeutrons scattered into
the detector can be captured on the barium isotopes andgg@iuundesirable background. To
reduce this background,®hiH shell about 4-cm thick is placed between the sample aadBtR
crystals. The remaining background is subtracted in théradfanalysis; this subtraction procedure
relies on the the calorimetric properties of the detectaayafdifferentQ-values and multiplicity
distributions for Ba and Mo).

3.2 Measurements

Besides the Bafcrystals, the DANCE setup includes four more detectors: dilcon solid-
state detectors looking at alpha and triton particles fromFafoil, a uranium fission chamber,
and a BR proportional counter. All of these were used for monitorthg neutron flux and for
obtaining the energy dependence of the flux. The Mo targets e metal foils with a thickness
of 50 mg/cn? for °*Mo and of 25 mg/cr for ®*Mo. The isotopic composition of the targets is
listed in Table 2.

4. Data analysis

4.1 On-linedata processing

The DANCE acquisition system [18] is based on waveform digiton of signals from all
160 barium fluoride detectors. The waveforms provide intfam on timing, particle type, and
absorbed energy for each physical event in the crystalssté@lsyare connected to Acgiris DC265
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Table 2: Isotopic compasition for the targets used in the measuré&mdime amount of isotope is listed as
the percentage of the target material.

Target Isotope abundances

92M0 94M0 95M0 96M0 97M0 98M0 100M0
%Mo | 0.73 | 91.59| 5.35 | 1.11| 0.37 | 0.65 | 0.20
®Mo | 0.26 | 0.63 | 96.47| 1.45| 0.46 | 0.63 | 0.15

digitizers through two channels able to handle both highlawdamplitudes with a resolution of 8
bits at a sampling rate of 500 MHz. Each digitizer has 128 édbwf fast memory per channel. The
digitizers are arranged in 14 compact PCI crates with siXidays per crate, one crate per 12 BaF
crystals. Each crate contains an embedded Intel basedHz&iBgle board computer running the
Linux operating system, and a front-end acquisition progwaitten using the MIDAS (Maximum
Integrated Data Acquisition System) framework [19]. Wnittwithout any selection, the DANCE
typical raw data rate would be of the order of 1 Terabyte peur,hahich is not practical. The
problem with the disk space is bypassed by on-line part@tgssing of waveforms from digitizers
using MIDAS. In this step information on the fast and slowtpaf the signal is integrated and the
integrals are stored instead of the whole waveforms; tlaidd¢o a compression factor of 20.

There are several options for data taking at DANCE. In thisegxnent the mode having a
3 us dead-time was used. In this mode, use is made of NIM hardteapeovide an external
digitizer trigger whenever the energy deposited in crgstaing within a 100 nanosecond time
window exceeds a preset energy threshold. This gate isddhlée’crystal multiplicity’ gate. The
appropriate digitizers collect data where the gains forttlechannels for a specific crystal differ
by a factor of 10 in order to capture both the large amplitueds peaks as well as the much lower
amplitude of the slow decay component. This feature is usedliscrimination against the-
background from the natural radioactivity of Bagérystals, as described in [17]. All data from a
given proton pulse are collected into one 'MIDAS event’ onskd

4.2 Off-line data processing

The code ROME is based on the CERN ROOT [21] framework. @#-lilata processing
is performed with a dedicated code DANCE ANALYSER [18] weittin the ROME framework.
Because one MIDAS raw data event actually corresponds ty ptaysics events, the primary anal-
ysis task,Extract Physics Events, analyzes a raw eventranilps 'real’ physics events to the next
tasks; these consist of producing data calibrategiiay energy and time-of-flight, and gating and
graphing the data for producing raw count rates to calcuigaired physics quantities.

In particular, the extraction of thgray multiplicity, the so-called 'cluster multiplicityfrom
the instrumental 'crystal multiplicity’ is performed baken the timing and location characteristics
of an event. The photons often do not deposit their full epéngone crystal. Therefore all con-
tiguous crystals, that have fired during an event, are coadbinto one single cluster event. As a
result the 'cluster multiplicity’ is much closer to the troeultiplicity of the gamma cascade than
is the "crystal multiplicity’, which simply counts the tdtaumber of crystals that fire. The capture
events in the off-line analysis were sorted by gates on tisted multiplicity for each multiplicity
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value and for each neutron resonance. The average valie- was calculated as :
7 ;
=£5——, (4.1)

whereM; andC; are the multiplicities and counts for the correspondingtipligity after subtracting
background contributions. The M =1 term has signifcant gemknd and there are very few counts
for M greater than 7.

The energy calibration of the DANCE crystals was performeth & combination ofy-ray
sources: 662-keV from3’Cs, 898-keV fromP8Y and 1275-keV from?2Na and the intrinsic ra-
dioactivity of the detector materiaf4®Ra). The latter calibration was conducted on a run-by-run
basis to provide the 'energy alignment’ of all crystals ia tif-line analysis. In the DANCE array
there is also a time difference in the signals from individirgistals. A detailed description of the
time calibration is given by Hatarik [22]. The achieved psemn of 20 ns in time alignment was
crucial for definition of a real’ capture event in the offié analysis.

Because of its nearlyrgeometry and high photon detection efficiency, the DANCEyars
able to measure nearly the total reaction energy releasié imeutron capture event, which is

Etotal = Bn + El'h (4-2)

whereBy, is the neutron binding energy in the compound nucleus Bna the center-of-mass
kinetic energy of the neutron. In the off-line analysis, yhey spectra were sorted by gates set on
specific sum energy windows which were 7-®.2 MeV for the®®Mo target 8, = 9.15 MeV) and
6.3— 7.5 MeV for the®*Mo target B, = 7.36 MeV).

5. Experimental results

5.1 The®Mo(n,y)*®Mo reaction

The yield of the detector array versus neutron energy foPi target is shown in Fig. 3.
The peaks are labeled by the resonance energy values takefigf.

As an example of the measured multiplicity distributionsdavave resonances with different
spins, in Fig. 2 multiplicity spectra are shown for the 55448 = 2) and 44.5-eV J = 3) reso-
nances. The average value is higher for the state with theehigvalue. The average multiplicity
values for allswave neutron resonances measured in®®#o(n, y)°®Mo reaction are shown in
Fig. 4.

The M values are distributed into two distinct groups corresprumdo spinsJ = 2 (lower
line with < My >= 3.93) andJ = 3 (upper line with< Mj >= 4.23). In obtaining this plot, it
was crucial to separatewave resonances frorp-wave resonances. This was achieved by the
inspection of shapes gfray energy spectra for multiplicitl = 2, as explained in Section IIB.
A representative example of such spectra is shown in Figr @ fmair of resonances: awave
resonance at 554 e\ & 21) and ap-wave resonance at 708 eV £ 37). As predicted by the
modeling, the] = 2* spectrum is characterized by a bump nBar= 4 MeV. Spectra for other
resonances follow this trend; they are compiled by Shedtksh
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Table 3: Parameters of resonances’tMo(n, y)°®Mo reaction. DANCE results are compared with the
compilation by Mughabghab. Multiplicity calculated from=a-7.

Mughabghab DANCE
Elev] | J | | 29, [meV] | (M) Jm Comments
447 3 | 0 | 222010 | 4.231)] 3
106.1 3.68(3)| (17,27) | New
1104| 1 | 1 | 0.18:0.04 | 3.36(1)| 1
117.8| 2 | (1) | 0.26+0.04 | 3.73(1)| 2~
1595 3 | O 161 4.20(1) 3"
2183 (4)| 1 | 2.0£0.2 |3.72(1)| 2
245.8| (4) | (1) | 0.48£0.07 | 4.02(2)| 3~
263.3| (3) | (1)| 1.6£0.2 |[3.96(1)| 2F
324.0 3.66(2)| (2,37) | New
331.0/ (2)| 1 | 3.4:0.8 |3.46(1)| 1
358.6| 3 | 0| 320£60 |4.27(1)| 3F
418.2| (2) | (1) | 1.00£0.14 | 4.03(3)| 3~
469.7| (2) | 1 12+1 3.92(1)| 2F
5544 2 | O 120+20 3.98(1) 2"
595.7| (3) | (1) | 0.84:0.20 | 4.00(4)| 3~
630.0| (4) | 1 2243 3.741) | 27
661.8| 3 | O 29+1 4.19(1)| 37(37)
680.2| 3 | O 830+£50 4.27(1) 3"
702.8| (2) | (1) | 2.9+0.3 |4.10(2)| (3",4")
708.3| (3) | (1) | 13.3:0.8 |4.00(1)| 3~
7455 (2) | 1| 7.9+£2 3.87(2)| 37 (2)
769.8| 3 | O 27+3 4.31(1)| 3*
8984 2 | O 265t+30 3.96(1) 2"
932.1] (1) | (1) | 3.6£0.6 |3.77(3)| 2-
956.5| (1) | (1) | 1.5£0.7 |3.92(3)| (1—-3)~
980.7| 2 | O 47+2.2 3.97(1) 2"
1011.1| (4) | 1 12+1 3.93(1)| 27 (1)
1023.8 3 | O 130+20 4.27(1) 3"
1035.7| (4) | (1) | 13+1 4.41(3)| 4 (3")
1059.2| (3) | (1) | 9.1+0.8 | 3.86(2)| 37 (27)
1122.5| (1) | (1) | 4.1+0.6 |3.93(2)| (1-3)"
1144.6| 2 | 0 | 250450 | 3.97(1)| 2F
1170.5| (2) | (1) | 22.1:1.8 | 4.08(2)| 3~
1203.4f 3 | O 221+9 4.29(1) 3"
1296.9| (4) | (1) | 11+1 3.92(2)| 37(2)
1340.7| (2) | (0) | 110+8 4.06(1)| 3
1360.6| (4) | (1) | 5.90.8 | 4.10(4)| (3,47)
1386.7| (2) | (1) | 12+1 3.92(2)| (27,3")
1419.3| (3) | (0) | 620:70 | 4.23(1)| 3"
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Table 3: Continued

Mughabghab DANCE
Elev] | J | | 29 [meV] | (M) Jn Comments
1437.01 3) | (1) | 15+1.4 4.22(3) weak
1495.5| (2) | (1) | 160+40 3.92(1) 2F
1570.0| 3) | (1) | 12+1 4.12(2)| (17,2,37) | weak

1576.8| (3) | (1) | 10£0.8 |4.23(2)| (17,2,3) | weak

1589.5| (3) | (0) | 300£100 |4.27(1)| 3*

1677.4| (2) | (0) | 360£50 | 4.29(1)|  3*

1704.1| (3) | (1) | 40.4:6.4 | 4.37(2)| 4 (37)

1766.1| (3) | (0) | 408t46 | 4.24(1)| 3*

1788.0| (4) | (1) | 55410 | 4.40(2)| 4-(3%)
3

1841.7| (2) | (1) | 39.0+5.2 3.93(2) —(27)
1853.3| (3) | (1) 6.44+0.8 3.84(3) (27,37)
1925.1| (2) | (1) | 36.0+4.6 3.94(2) weak
1950.2| (2) | (0) | 390+110 3.97(1) 2+
1961.3| (3) | () 27+2.8 3.99(2) weak
2048.1| (2) | (0) | 241+100 3.90(1) 2+
2112.2| (2) | (D) 6148 4.13(2) weak
2130.1| (4) | (1) 4.24(2)| 3*,(47)
2140.9| (4) | (1) | 31.H4.2 4.17(2) weak
. 20144.7 ) 413;7.8 ‘15“9.5 " 2183 ‘26”3.6 "] 5wl 89;8.3 10‘2“38 ‘llfr‘ﬁlz‘f'“ ‘ 1‘439.3 149{‘;5.57
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Figure 3: Neutron resonances in tf&Mo(n, y)°®Mo reaction: the DANCE detector yield versus neutron
energy. The yield is the number of observed capture evenfEQE channel with multiplicityM > 1 and a
y-ray sum energy from 7.6 to 9.2 MeV.
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Figure 4: Multiplicities of sswave neutron reso- Figure 5. Measuredy-ray energy spectra for an

nances from th&Mo(n, y)°*Mo reactioninthe neu- swave resonance at 554 eV™(E 2%) and a

tron energy range from 40 to 2100 eV. Values alongp-wave resonance at 708 eV™(¥ 37) in the

the lower line correspond to spih= 2 and along  °°Mo(n, y)°®*Mo reaction. These spectra correspond

the upper line to spid = 3. to two-step cascades with tiggray sum energy win-
dow from 7.6 t0 9.2 MeV.

After separating the-wave resonances, the remaining multiplicity values weadyazed ag-
wave resonances. Since the tartpo spin isJ* = §+, p-wave capture leads to resonances with
spins and parities of 1, 27, 37, and 4. As shown in simulations (see section 2.2), the average
multiplicity values of neutron resonances’lo should depend on the resonance spin value. The
calculated average multiplicity values are 3.30, 3.68040d 4.30 for spins™, 2=, 37, and 4.

The measured individué¥;-values fluctuate considerably. Unfortunately, the siatisaccuracy
for some resonances is not sufficient to make a spin assigni@amte the multiplicity separation
into J-groups is not perfect, resonances that fall between gragps assigned a restricted range
of spins.

The results of the spin/parity assignments of neutron i@sces in thé€>Mo(n, y)*®Mo reac-
tion are listed in Table 3. One comment is in order: the rescaparity identification in Mo works
only if the resonances are suffiently well separated.

5.2 The®Mo(n, y)**Mo reaction

The yield of the DANCE detector array versus neutron enesgyhe **Mo target is shown in
Fig. 6. The peaks are labeled by the resonance energy vatagd].

The neutron binding energy in the compound nucf&o is 7.37 MeV. The peak in the sum
energy spectrum around this energy is asymmetric with anebed tail towards low energy. There-
fore the analysis was restricted to events inyhray sum energy window of 6.3 to 7.5 MeV, where
the contribution from the background from neutron captyr@Mo admixture in the’*Mo target
and by Ba isotopes in the detector crystals was relativelgllsiihis background was subtracted
using the detector counts in the sum energy spectra aboenénrgy of 7.5 MeV (th&-values for
the 133137 Ba and®*Mo isotopes are above 8.5 MeV). The background subtractas especially
important for this measurement because the strongestarses in thé€>Mo(n, y)°®Mo reaction
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Figure 6: Neutron resonances in t8&Vo(n, y)°>Mo reaction: the DANCE detector yield is the number of
observed capture events per TOF channel capture eventewitiplicity M > 1 and they-ray sum energy
window from 6.3 to 7.5 MeV.

are also the strongest ones in &0 target data. In general tt#Mo resonances have signifi-
cantly higher cross sections for scattering than®fi\do resonances. We excluded events with
= 1 from the determination of the average multiplicity, E4.1); most of the background due to
neutron scattering in the detector leads to multiplicitg ewents.

The ground state of*Mo is 0F; thuss-wave capture identifies directly the only possible spin
and parity of%+, while p-wave capture can excite resonances withand3 . The ground state
of the product nucleu®Mo is g+ and that of the first excited state at 204 ke\,%its. There are
several other excited levels that can contribute to theucapvents with the sum energy in the
chosenQ-window. The first excited negative parity levels witfi= (3 and3 ) are at 2214 and
2315 keV, respectively. As explained in section 2.2, thigatire of the low-lying levels if®Mo
(which is quite different from that in th#®Mo product nucleus) removes the spin dependence of
the observed average multiplicity fgrwave resonances.

An example ofy-ray energy spectra for the 3599-eMvave resonance and the 2178-eV
wave resonance iffMo(n, y)®*Mo reaction is shown in Fig. 7. Spectra for other resonant} |
are similar to these. The resonances without a middle burtteispectra arg-wave resonances.
They have similar shapes and about the same average nuitiplhus spin assignments for the
p-wave resonance$Mo cannot be made in this experiment.

Spectra os-wave resonances have a clearly pronounced bump in the enididhe spectrum
and the strongest of them have also a pair of lindS,at 2.5 and 5 MeV. The latter evidently come
from two-step transitions via the first negative parity leweear 2.5 MeV. Tha-wave resonances
are also distinguished by a higher average multiplicityugal< M >= 3.25, as compared with
< M > = 3.05 for thep-wave resonances.

The average multiplicity values for resonances in the meuénergy range from 100 eV to

10 keV measured in th#*Mo(n, y)°°Mo reaction are shown in Fig. 8. They are distributed in two
groups corresponding to capture pawave (lower line with< M > = 2.99) ands-wave (upper

12



Spin and parity 0f*°>Mo neutron resonances from the DANCE measurement G.E. Mitchell

Table 4: Parameters of resonances®tMo(n, y)**Mo reaction. DANCE results are compared with the
compilation by Mughabghab [9]. Multiplicities are now for#2-7 and the detection threshold fprays
was assumed to be 200 keV.

Mughabghab DANCE

E [eV] J I grn [meV] (M) J® | Comments
108.8 (1) | 0.16£0.02 | 3.11(1)| ()

278.5 3.22(3)| 1/2" | New ?
1051 Q) 6.1+0.6 | 3.00(1)| -~

1542 | 1/2 | O 1100+300 | 3.21(1)| 1/2*

1660 (1) 12.4+17 | 3.01(1)| ~—

2178 | 3/2 | 1 383+135 | 2.98(1)| ~

3163 | (3/2) | (1) 244 297(1)| -

3573 | (3/2) | (1) 260 Unresolved

3599 | 1/2 | 0 | 2500£500 | 3.17(1)| 1/2*
4368 | 3/2 | 1 | 4000:1000]| 2.69(1)| ()
4622 | 12 | 0 | 511473 | 3.24(1)| 1/2*
4928 | (1/2) | (1) | 1090+310 | 2.89(1)| -

5132 | (3/2) | (1) 270 2.89(1)| -

5428 | 1/2 | 0 | 15300+2000 | 3.04(1)| (")

5454 D) 8+2 Unresolved
5934 2.90(2)| -~

6407 (1) 30+8 3.10(3)| -~

6718 | (1/2) | (0) | 1000+750 | 3.25(2)| 1/2+

6960 (1) 31+8 2.93(3)| -~

7128 D) 9+2 Not found
7865 | (1/2) | (0) | 1000 3.25(2)| 1/2*

8275 | (3/2) | (1) | 4000 3.05(2)| -~

8608 | 3/2 | (1) | 1000 2.96(1)| -~

8660 D) 210 Unresolved
9590 | (3/2) | (1) | 1000 3.07(2)

9705 | (1/2) | (0) 500 Unresolved
9813 (1) 350 3.10(2)

10225 | (3/2) | (1) | 6000+3000| 3.04(2)| -

line with < M > = 3.22) resonances. Since the statistical accuracy isditnthe definitive parity
assignment was made based of the shapes ofthg energy spectra. The final results of the parity
assignments of neutron resonances irCtihéo(n, y)°>Mo reaction are listed in Table 4. For all the
observed resonances the previously known assignmenterddieed. The 4368-eV resonance has
the lowest observee: M > value, too small to be explained by statistical fluctuatioHswever,
they-ray spectrum has a typicptwave shape. The parity assignment of the 10225-eV resenanc
based on itsc M > value, while the shape of theray spectrum indicates a contribution of positive
parity resonances that probable originate from the unveddriplet on its right wing. The 278.5
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Figure 8: Multiplicities for neutron resonances
from the®*Mo(n, y)®*Mo reaction in the neutron en-
ergy range from 100 eV to 10 keV. Tlsavave and
p-wave resonances have averddesalues of 3.22

ray sum energy window from 6.3 to 7.5 MeV. and 2.99, respectively.

eV and 5934 eV resonances have not been previously obseandetthelocations of their Q-value
peaks suggest that they belong’ttvlo.

6. Summary and conclusion

Measurements of thgray energy and multiplicity spectra following neutronaeance cap-
ture in isotopic®*Mo and®Mo targets, were performed with the DANCE detector array /AL
SCE by the time-of-flight method.

For the®>Mo compound nucleus, the shape of gamma spectra in diffegeahances was used
to determine resonance parities. For the observed resesiaalt cases but one confirm previously
known assignments. As expected, in ®o(n, y)°>Mo reaction the difference between the av-
erage multiplicities ofp-wave resonances was not large enough to use the mulgphiethod for
resonance spin assignments.

From the average multiplicity and spectral shape, spin aniypassignments were made for
resonances in thf@Mo(n, y)°®Mo reaction below about 2 keV. The previously known indingatity
assignments were confirmed, and several new assignmerdagweele. Fos-wave resonances, the
separation between the tvih;-value groups and the agreement of our results with thos¢hef o
authors demonstrate the successful application of thepticily method with the DANCE detector
array. Forp-wave resonances ffMo, where the separation of the different spin groups was not
perfect due to a lack of statistical accuracy, the assighmEB3 spins from an ensemble of 35
p-wave resonances was made. Most of the results for the spihe p-wave resonances are new.
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