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Search for parity violation in ®*Nb neutron resonances
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A new search has been performed for parity violation in the compound nuclear stéfttbdfy measuring
the helicity dependence of the neutron total cross section. Transmission measurements on a thick niobium
target were performed by the time-of-flight method at the Manuel Lujan Neutron Scattering Center with a
longitudinally polarized neutron beam in the energy range 32 to 1000 eV. A total pfwid/e resonances in
%Nb were studied with none exhibiting a statistically significant parity-violating longitudinal asymmetry. An
upper limit of 1.0<10°7 eV (95% confidence levewas obtained for the weak spreading widtl in **Nb.
[S0556-28189)03202-1

PACS numbgs): 24.80+y, 25.40.Ny, 27.60tj, 11.30.Er

After the discovery of largéup to 10% parity violation  Low Energy Collaboration has an excellent polarized reso-
(PV) effects inp-wave neutron resonances of lanthanum anchance neutron time-of-flight spectrometer, as documented in
other nuclei by Alfimenkozet al.[1], a PV study was under- the latest TRIPLE publications o#*°Th [3] and %% [4],
taken in niobium by the same grof@]. At that time nio-  and in references therein. With the sensitivity of this system
bium seemed a promising candidate for the study of PV efand extension of the measurement to higher energies, one
fects: there are strongwave resonances at low energies thatmight expect to observe parity violation fiNb. The major

could_be studlied with the available e_xperime_ntal system. Théycus of the PV experiments in this mass region is to deter-
experiment did not observe any parity violation effect at the

lovel of 0.15% in the 3 4422 mine the weak spreading width, which is defined I3
evel of 0.15% '.nt € 5.8-an . “gMwave resonances. =277M§/DJ, whereM; is the root mean square value for
The PV effectp is defined fromo, = o,(1£p), whereo,

. . P the matrix element of the weak interaction in the compound
is the resonance cross section ferand — neutron helici-

. : . nucleus and is the level spacing between tkavave reso-
ties, ando, is the resonance part of tipewave cross section. nances with spird. The present values fdi.. for different
Assuming the two-level approximatiofone s-wave reso- PITY. P w

nance, at 105.8 eV, and opavave resonance, either at 35.8 nuclei measured by TRIPLE are summarized in a forthcom-

or 42.2 eV}, the experimental results from this early mea-'"9 review [5]_; the .unwe.ighted average of aII. experimental
surement led to weak matrix elements, of 6.0=8.0 and weak spreading widths in the mass=100 region is about

1.0+ 1.8 meV for the 35.8- and 42.2-eV resonances, respe@ 10" 7 eV. If one naively assumes that the weak spreading
tively. width for 9Nb has this average value, and uBgs=195 eV,

The TRlPLE (T|me Reversa| |nvariance and Panty at then the rms parlty Violation matriX element ?ﬁNb Sh0u|d
be =3.5 meV. Therefore PV effects should be observed for
favorable caseénveak p-wave resonance near stroggvave
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whereVy, is the matrix element of the parity-violating inter-
I Jd } action between levelg ands, E, andEg are the correspond-

st (107
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ing resonance energies, aggandg, are the neutron ampli-
tudes defined through the corresponding neutron widths as

] I I 1 ggp:l“nsp. The sum is over als-wave states that have the
s H L. same total angular momentum as fhe/ave state. The value
o = * ! of the matrix elements/, and the quantity 8s/[g,(Es

| L | . | L | L ! _ . . . .

60 80 100 120 140 Ep)1=As, essentially determine the size of the experimen-

tal PV effects. The combinatioA;=3AZ) is used in the
A likelihood analysis for each-wave resonance. The presence
of unknown partial amplitudes in the last fraction in Ed)
is accounted for statistically by using the appropriate distri-
bution functions for these amplitudes and the value of the

. _ . ratioa®=S'_4,/S/_,,,. Details of the likelihood analysis are
orbit interaction. Thep-wave neutron strength functions in given by Bowmaret al. [15].

the region of the  maximum(nearA=100) are shown in = The "experiment was performed by the time-of-flight
Fig. 1, where data from Refl1] are supplemented with method at the pulsed neutron souf&é] of the Manuel Lu-
results from the TRIPLE spectroscopic studies of neutronjan Neutron Scattering Center at the Los Alamos Neutron
p-wave resonances in several nuclides. According to calcuScience Center. Transmission data were measured with a
lations by Camarda12], the spin-orbit interaction cannot longitudinally polarized neutron beam. An early description
strongly modify the total strength functior551=(Sjl=l,2 of the experimental apparatus was given by Robersaa.
+2Sf_4,)/3, but does shift the location of the maxima of the [17]. A more up-to-date description is provided by Crawford
two components — thg=3/2 component to loweA and the €t al.[4]. The neutron beam was 70% polarized by transmis-
j=1/2 component to highek. The relative magnitude of the Sion through a polarized proton target. The protons in frozen
two components also changes significantly, with fre3/2 ~ @mmonia were polarized by the dynamic polarization process
component larger at loweA and thej=1/2 component at 1-K temperature in the 5-T flel_d of a spllt-cpll supercon-
larger at higherA. Locations for the maxima for the two ducting magnet. The proton polgr!zat|on dlrectlo.n relative to
components were determindd3] from an experimental the polarizing magnetic fieldpositive and negative proton
study of neutron angular distributions: tﬁ#s/z component p_olan_zatlorj were rever_sed every few days. The neutron spin
has a maximum at=95, while theS'_,,, component has a ?Jﬁcztlon_parallel or antiparallel to the neutron beam momen-
maximum nearA=105. Our other PV measurements near posmve or negatlye he“?'ty sta)t.was rapidly reversed .
the 3p strength function maximurf6—9] were in the region by an aQ|abat|c Spin flipper in an eight-step séquence with
where thej = 1/2 component dominates. TH&Nb nuclide is each spin state lasting .10 s: This sequence was designed to
suitable for a study of the role of the spin-orbit interaction inred_uce_ the effects of gain drifts _and r95|dual transverse mag-
parity violation, because th&'_,, component should be netic fields. The neutron beam intensity was monitored by a
larger tharsSh . - for nuclei arojundAzQO. pair of hellum. ionization chambers and the neutron polariza-
We Use tJh_el/IZeveI spacir, observed in this experiment tion was monitored by NMR measurement of the proton po-

. : ) larization. The absolute value of the neutron beam polariza-
as the spacing betweerwave resonances with spthand  ion was obtained from PV measurements with a lanthanum
determine the rms matrix elemeM; from the measured

N . - o - sample by normalizing to the well known longitudinal asym-
longitudinal PV asymmetriep with a statistical analysis. metry [18] for the 0.73-eV resonance iH%La.

The statistical ansatz is that the individual PV matrix ele- 1o 99 9999 chemically pure niobium target was a cyl-

ments.are statistically.distributgd: the matrix elementg are.der of length 9.16 cm and diameter 9.84 cm. The target
Ga;ussmn random variables with mean zero and variancgaqs was 5988 g, which corresponds to an areal density of
Mj. The rms PV matrix element is determined from theg 10x 102 niobium atoms/crh Neutrons were detected at
experimental Iongitudinal asymmetries with a likelihood 56.74 m by a |argeIOB_|0aded |IC]UId scintillation detector
analyss[gl);l]. _ segmented into 55 cells. The 55 separately discriminated sig-
For a *Nb target(target spinl =9/2), p-wave neutrons s were linearly summed. An ADC transient recorder was
(orbital angular momenturs’=1) excite compound states ysed to sample the summed signal in 8192 time-of-flight
with spinsJ=3, 4, 5, or 6, whileswave neutrongorbital  channels of 100-ns width. After 20 eight-step sequences, the
angular momentuny’=0) excite only states with spind  gata from this approximately 30-minute period were stored
=4 or 5. Sinces-wave states with two different spins can s a “run” on a disk. In the final data analysis 90 runs were
contribute to the parity mixing, this complicates the statisti-;;ged. A sample neutron time-of-flight spectrum f8Nb is
cal analysis, introducing thespin (j=1/2 and 3/2) partial  shown in Fig. 2.
neutron amplitudeg,,, , andgp_ of thep-wave levels. The  The longitudinal asymmetry for eag®wave resonance
longitudinal asymmetry is was determined with the use of a Reich-Moore multilevel,

FIG. 1. Thep-wave neutron strength functioB' versus mass
numberA in the region of the § maximum.
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FIG. 3. Sample fit to time-of-flighfTOF) spectrum for the reso-

FIG. 2. _A sgmple neutron time-of-flight spectrum ﬁﬁNb The nance at 500.5 eV. The counts are for one run and are summed over
channel width is 100 ns and the counts are for one helicity state anﬂi]e two helicity states. The dashed line is the background.
are summed over 48 runs.

p-wave resonances for which the longitudinal asymmetry

multichannel fitting coderiTxs [19], which includes line was measured. There are one or two entried\fodlepending
broadening due to beam, target, and detector. The resonangg whether the spins are known or not. TAg values are
parameters were determined by fitting the time-of-flightzero for spinsJ=3 andJ=6 because such-wave reso-
spectra summed for both of the helicity states. The resonanggances cannot exhibit parity violation. Since the initial time-
parameters were then held fixed while the Iongitudinal asymof-ﬂight Spectra were taken with unknown detector effi-
metries p* and p~ [which we redefine froma,f=crp(1 ciency and neutron flux, a normalization procedure was
+p™*)] were determined separately for tHeand — helicity  performed using known resonance paramef&is for sev-
states. Finally, the longitudinal asymmetpy were deter- eral low-energy niobium resonances. This procedure was the
mined fromp=(p*—p~)/(2+p" +p ). Details on the ap- main source of the systematic uncertainty~08% in our
plication of theriTXs code to PV data are given by Crawford gI',, values. Most of the resonance parameters are consistent
et al.[4]. A sample fit for the 500-eV resonance in niobium with the assignments of Mughabghabal. [11].
is shown in Fig. 3. Following Bollinger and Thomaf20], we used a proba-

For eachp-wave resonance studied the PV longitudinalbilistic method to assign parity to three resonances whose
asymmetries from separate runs were histogrammed to olyalues were previously unreported: 364.8 €5%), 617.2
tain a mean value of the asymmetpyand its uncertainty. eV (93%), and 1127 eM86%). The numbers in parentheses
The results are listed in Table | together with the resonanceepresent the Bayesian probability that the resonance is a
parameters. The resonance energy, neutron width, orbital ap-wave resonance. Two nepwave resonances were ob-
gular momentuny’, and total angular momentudare given  served at 55.0 e98% and 808.6 eV(93%). From our
for all resonances, while the quantify; is listed for those resonance data up to 1127 eV we determined giveave
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FIG. 4. Likelihood functionL versus the square root of the weak spreading wijjHfor p-wave resonances iftNb.
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TABLE |. Neutron resonance parameters and longitudinal PV asymmetifies **Nb.

E (eV) /8 Je gl (meV) p (%) Aq(evY) As(eV™)
35.9 1 5 0.0550.005 -0.007%0.022 0.21
42.3 1 4 0.0440.004 0.0¥0.02 0.68

55.0P 1° 0.0016+0.0002 0.040.16 3.5 1.52
94.4 1 3 0.16:0.02 -0.0x0.03 0.0 0.0
105.9 0 4 0.22:0.02

119.1 0 5 2.36:0.18

193.8 0 5 23.62.5

243.9 1 4 1.0Z20.08 -0.02-0.04 0.12

318.9 1 5 0.8%0.08 -0.07%0.07 0.27
335.5 0 4 7.04£0.56

362.7 1 0.150.01 0.070.10 2.3 0.56
364.8 t 0.30=0.03 0.02£0.07 0.39 1.95
378.4 0 5 53.64.0

392.4 1 1.05:0.08 0.16-0.09 0.14 1.03
460.3 0 5 3.9%0.31

500.5 1 5 2.540.20 0.22-0.11 0.09
598.8 1 4 0.5%0.05 -0.03:0.12 0.22

603.7 1 6 1.5%#0.13 0.0x0.10 0.0 0.0
617.2 t 0.68+0.05 0.18-0.11 0.22 0.14
640.9 0 4 2.650.22

671.9 1 6 4.220.34 -0.05:0.10 0.0 0.0
678.2 1 1.0#£0.09 0.12-0.13 0.30 0.12
720.9 1 4 6.08:0.49 0.0010.09 0.36

741.0 0 4 81.66.5

757.0 1 1.1%*0.09 -0.13-0.18 1.08 0.16
808.6" 1° 0.29+0.03 0.072-0.23 0.69 0.49
910.1 0 4 2.56:0.02

933.3 0 5 210.617

952.9 1 6 6.56:0.50

1011.0 0 4 290.6624.0

1127.0 b 8.00+0.64

a/alues from Mughabghafil1] et al.
®New resonances.
Orbital angular momentum assigned in this work.

strength function values!'=(5.1+1.6)x10 4. The errors Table Il for 68 and 95 % confidence levels.
were calculated from/2/N, whereN is the number of levels Our sensitivity of 0.02% for the asymmetpyin the reso-
analyzed. This value agrees with the previously reportechances at 35.9 and 42.3 eV is seven times better than in the
value of S'=(6.0=0.6)x 10 * [12] obtained from the en- previous PV study or®*Nb [1]. However, for most of the
ergy average neutron-transmission measurements aboverdsonances at higher energy our sensitivity-8.15%. This
keV. However, forswave levels our estimat®,=(95+8) s the only nuclide that our group has studied that does not
eV disagrees strongly with the previously reported value okhow any parity violation fop-wave resonances. It seems
44+4 eV. There appears to be typographical error in Refyorth considering whethePNb has any special characteris-
[11], since the quoted value for the level density does notics. The amplification factors are very small for®®Nb—
agree with the level spacing calculated directly from thethe average value atis a factor of ten smaller fof*Nb than
resonance energies listed. o __the average value oA for the neighboring nuclide>’Ag.
Finally, we constructed the Bayesian likelihood function Therefore for the same rms parity violating matrix element,

L versus\T,, using the asymmetries from Table | and Eq. the longitudinal asymmetries should be reduced by an order
(28) from Ref. [15] for L. This expression holds for our

particular cases-wave spins known, mogt-wave spins not

known, and neutron-spin amplitudes not known. These un-

certainties were accounted for in a statistical manner as d%— .
onfidence

TABLE II. Upper limits for T',, andM in *Nb.

— 7
scribed by Bowmaret al.[19]; the value of the parameter Fw(1077) V) M, (meV)
was taken to be 0.670.1[13]. The likelihood function is 8% 0.11 0.6
shown in Fig. 4. The upper limits obtained fby, and rms 959 1.05 1.8

M; (assuming the latter independent Jf are presented in
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of magnitude. However, one expects the matrix elements tstrong, and its significance will depend on the final results
fluctuate strongly and the weak spreading width to be apfor other nuclei in this region.

proximately constant. Therefore an anomalous value for the +nis work was supported in part by the U.S. Department
weak spreading width if®Nb is of greater interest. From the Energy, Office of High Energy and Nuclear Physics, un-
results for 16 resonances the upper limit on the Miysvalue  4er Grants No. DE-FG02-97-ER41042 and DE-FG02-97-
in *Nb is 0.6 meV at the & confidence level. The corre- ER41033. The work was performed at the Los Alamos Neu-
sponding 68% upper limit fof',, is very low as compared tron Science Center at the Los Alamos National Laboratory.
with nuclei on the higher mass side of the &aximum of  This facility is funded by the U.S. Department of Energy,

the neutron strength function. However, the conclusion asOffice of Energy Research, under Contract No. W-7405-
suming the more conservative 95% confidence level is not aBBNG-36.
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