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Abstract. A series of ultra-sensitive experiments has been carried out in 2001-2009 at the ILL measuring
P-odd asymmetry in y-quanta emission in the nuclear reaction °B(n, ) "Li* — ~ + "Li(g.s.) with polarized
cold neutrons. The resulting value of the asymmetry coefficient is ap-oad = (0.0 2.65tat £ 1.15yst) X 1078,
These experiments profited from high-intensity PF1B neutron facility and a new version of the integral
measuring method: for decreasing experimental uncertainties, the frequency of neutron spin-flip was higher
than a typical reactor power noise frequency. Using the new value, we constrain the weak neutral current

constant in the cluster model framework to f,erB < 0.6 x 1077 (at 90% c.1.). This constraint agrees with

that following from the nuclear reaction ®Li(n, a)*H: f,GrLi < 1.1x 1077 (at 90% c.l.). However, they both
contradict the “best” value in the quark model by Desplanques, Donoughe, and Holstein fPPH = 4.6-1077.
We invite experts in the field to contribute to the theoretical analysis of the problem.

Introduction

The existence of the weak neutral current is the principal
prediction of the electroweak standard model; thus the
parity violation in the nucleon-nucleon interaction in var-
ious processes in nuclei has to include both charged and
neutral currents. However, the last one has not yet been
observed in such interactions. We suppose that nuclear
reactions of light nuclei (A = 6-10) with polarized slow
neutrons are the most promising candidate to study the
weak neutral current properties in nucleon-nucleon (NN)
processes.

Such nuclei could be described, for instance, in the
framework of cluster and multi-cluster models [1,2] if the
excitation energy is < 25-30 MeV; P-odd effects could be
estimated at least for the nuclear reactions with 1B and
SLi. Using this method, the authors of refs. [3,4] calculated
the P-odd asymmetry of y-quanta emission in the reaction

Li* — "Li4 y(M1), E,=0478MeV (1)
following the reaction
B(n, o) "Li* (2)

induced by polarized cold neutrons (see fig. 1). P-odd
asymmetry can be presented in terms of meson exchange
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Fig. 1. A scheme of the "Li nucleus formation following from
the capture of a cold neutron in the '°B nucleus.

constants [4]:

apB = 0.16f, — 0.028h) — 0.009A), — 0.014h, — 0.014R/,.

(3)
Here f, corresponds to the m-meson exchange, i.e. the
weak neutral current. Using the “best values” for the
exchange constants according to the quark model by
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Desplanques, Donoughe and Holstein (DDH) [5], eq. (3)
yields the value
DDH, 7B: theory _ 1 5 1077, (4)
Note that if the weak neutral current constant were equal
to zero, the cluster models (3) would suggest the asym-
10 .
metry value Oap_li’dtdhemy =0.3x107".
Two experiments (with a total measuring time of 47

days [6,7]) provided a P-odd asymmetry value in the nu-
clear reaction (2) equal to

raw e, 0B P (27 4 3.8) x 1075; (5)
the “O-test” resulted in

est

QB = (0.9 £4.8) x 1075, (6)
The P-odd effect in the nuclear reaction
SLi(n, a)*H (7)

was also calculated [8] in terms of meson exchange con-
stants:

s oY o (_0.45f, +0.06h0) = 2.8 x 1077 (8)
and measured in ref. [9]:

b P (L8842.1) x 1075, 9)
If the charged weak constant hg were equal to “the
best DDH value” the weak neutral constant f; would be
equal to

FoL o~ (0.4 40.4) x 1077, (10)

or, at 90% confidence level, it would be constrained as
follows: o
LM <11x1077, (11)

However, this value is by far smaller than “the best DDH
value” [5]
fr=46x10"". (12)

In order to clarify this contradiction we had to measure
the asymmetry a;)_%dd more precisely.

In the light of the above, we have carried out two new
experiments on the highly intense PF1B beam of polarized
cold neutrons [10] at the Institut Laue-Langevin (ILL),
Grenoble, France. The average neutron wavelength at
PF1B was (\,) = 4.7A. The neutron beam cross-section
at the sample position was equal to 80 mm by 80 mm, the
total neutron flux at the sample was ~ 3 x 101571, and
the neutron polarization was P = (92 & 2)%.

Principle of measurement and the experimen-
tal setup

The neutron spin &), the y-quantum momentum p., and
the neutron momentum p,, were set as follows:

Gl L (13)
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The P-odd effect could be observed in the asymmetry of
the y-quanta emission angular distribution:

dN.
— ~ 1+ apogqq cosb,

a0 (14)

where 0 is the angle between &,, and p.,. The magnetic field
guiding the neutron spin, and the y-quantum momentum,
were set parallel to each other with an accuracy of ¢ =
102 sr.

The guiding magnetic field is produced by Helmholtz
coils; it is reversed periodically during measurements. The
strength of guiding magnetic field was equal to several
Oersteds; no magnetic materials were used to build the ex-
perimental setup. The neutron polarization is reversed via
switching the high-frequency flipper, placed at a distance
~ 1 m from the detector; the flipper frequency is ~ 20 kHz.

The sample is the amorphous powder °B with iso-
topic enrichment of 85% and total weight of 50 g, enclosed
in an aluminium case measuring 160 x 180 x 5 mm?>. The
sample was covered with an aluminium foil with a thick-
ness of 14 um on the neutron entrance side and installed
in the neutron beam; an angle between the beam axis
and the sample surface was equal to 45°. Mostly a neu-
tron was absorbed in the sample emitting an a-particle
and a y-quantum. The distance between the sample centre
and the centre of each detector is 75 mm. Each y-quanta
detector consists of an Nal(Tl) crystal with a diame-
ter of 200mm and a thickness of 100 mm. “Hamamatsu”
S3204-03 photodiodes with a size of 18 x 18 mm? were used
to detect scintillation photons. The photodiodes are con-
nected to the Nal(T1) crystals via Plexiglas light-guides.
The detectors were inserted into aluminium-alloy cases
placed symmetrically on two opposite sides of the sample.
The electric-current preamplifiers used in our experiment
convert the detector current I4e; into the output voltage
Uout so that it is equal Ugyy = Iget R, where Ry, is the
resistance feedback. The output voltages (their constant
terms) were equal to Uy, ~ 1-2'V and the resistance feed-
back were Ry, ~ 70 M2, i.e. the detector currents were
Tget ~ 200 pA. The variable term of the detector output
signal (voltage) was enhanced by a factor of about 30.

The setup (fig. 2) was surrounded with lead protec-
tion with a thickness of 15 cm. The internal surface of the
lead shielding was covered with borated rubber or a bo-
rated polyethylene cover. The polarizer and spin-flippers
were protected with boron collimators. The detectors were
protected with boron rubber. We used boron for the pro-
tection, but avoided °Li, as the asymmetry of Li 3-decay
(the energy of 12-14 MeV, resulting from a 10% admix-
ture of 7Li) is as high as a4, ~ 3% [11]. This asymme-
try could compromise the results with false P-odd effect.
Background scattering (with no sample) was found to be
as low as 5% compared to scattering in the sample.

The measuring procedure and data treatment

We used two detectors in the electric-current mode and a
method to compensate for eventual false effects described
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Fig. 2. A scheme of the experimental setup: 1) polarizer;
2) adiabatic “spin-flipper”; 3) tube made of boron rubber filled
in with flowing-through “He; 4) concrete wall; 5) lead shield-
ing; 6) boron rubber; 7) Helmholtz coils; 8) detectors; 9) the
sample; 10) lithium absorber. p,,, &, are the neutron momen-
tum and the neutron spin, respectively; black arrows indicate
the neutron spin when the flipper is switched off, grey arrows
show the neutron spin when the flipper is switched on.

earlier in refs. [9,12]. To achieve an accuracy of ~ 10~% in
the asymmetry measurement, any fluctuations in the elec-
tronics or reactor neutron flux, as well as any interference
with external electric signals or other false effects, have to
be minimized.

To compensate for fluctuations in the reactor power,
we used special measuring procedures involving a pair of
detectors for every target. Both detectors measure simul-
taneously the same process but provide opposite signs for
the asymmetry effect (see fig. 2); fluctuations in the re-
actor power will have an identical impact in both detec-
tors and will carry the same sign. In the integral method,
electrical signals can be presented as the sum of their con-
stant and variable components. The “number of events”
in a time interval is proportional to the sum of the vari-
able U/K and constant Us components of the signal, in-
tegrated over this interval; therefore the asymmetry coef-
ficient ap-oqq is

(Ug +UY/K) - (Ug +U~/K)
(US+UT/K)+ (U5 +U-/K)’

Ap-odd = (15)

where Ué , Us, U, U™ are the constant and variable
components of the signal for two opposite neutron polar-
isations, relative to the detected gamma momentum in
the respective detector. The coefficient K describes the
amplification of the variable component of the signal. As
Uc > U and UaL = Ug = Ug, the normalised asymmetry
coefficient is given by

Ap-odd = (U+ — U_)/(2KUO). (16)

For every detection channel, four consecutive voltages U1+ ,
Uy, Uy, U} are combined in a “single measurement” and
added as follows: UT = U;” + U, U~ = U; + U; . Each
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value U;", Uy, Uy, US is the voltage at the preampli-
fier output averaged over the main interval T' of the ex-
periment; the interval T defines the duration of a “sin-
gle measurement” 47" and the frequency of switching the
neutron spin. These combinations allow us to suppress lin-
ear drifts. The asymmetry was calculated for each single
measurement in every detector. Formulas for the effects
in each measuring channel are given in ref. [9]. In both
channels the results of N subsequent measurements in a
series were summed; the constant component of a signal
was measured ones per each interval T.

The calculated effects 04,51) = (U,j_’(l) - U,i_’(l))/2 and

0‘1(2) = (Ui+’(2) - Ui_’(z))/Q for the two detectors are of
opposite sign; these values are measured synchronously.
Therefore, taking advantage of the double detectors, by
calculating @comp the asymmetry value is doubled, and
the effect of fluctuations in the reactor power is subtracted
due to subtraction of one value from the other:

- 1 (o~ @)
acomp:N Zai _LZ% ,
=1

i=1
D(&comp) = m ; ((agl) — Lal(?)) _ dcomp)Q |

U(dcomp) = \/-D(Tornp)'
(17)

The compensation coefficient L is calculated for every se-
ries of single measurements with the condition that the
variation D(@comp) Of the average value of the absolute
effect Gcomp is minimal. The final result is averaged over
all series; the weight is taken into account.

To further compensate false asymmetries we changed
the direction of the guiding magnetic field and measured
an equal number of series for both directions. For the av-
eraged values we took into account the direction reverse
of the actual P-odd effect due to the reverse of the guid-
ing magnetic field. The field direction was reversed every
4 minutes.

We emphasise that the three stages of signal evaluation
work with differences:

1) between variable parts of the signals (absolute effect of
P-odd asymmetry) o = U+ — U~ for opposite neutron
spin polarisations; these differences are calculated for
every pair of measurements for both detectors;

2) between the absolute effects for the two detectors «; =
agl) —L- a§2)7 it =1+ N. Since P-odd asymmetries in
the detectors have opposite signs, the effect is doubled.
These differences are calculated for each direction of
the guiding magnetic field (referred to as “—” and
“(_77 );

3) between the effects for each direction of the guiding
magnetic field: a;(—) — (<), ¢ =1+ M. P-odd ef-
fects are added in this case, because they have opposite
signs.

At each of the 3 stages of the calculation described
above, we subtract values measured for two opposite con-
ditions. Effects of equal sign and equal size thus cancel,
and the asymmetry persists. Taking the third difference,
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for instance, any influence of the guiding magnetic field
on the currents in the detector or changes in the neutron
absorption as a function of the field direction would can-
cel unless the effect is due to P-odd effects from impurity
nuclei.

This conclusion is valid as well for electromagnetically
induced false effects. Such influences were checked many
times [6,7,12]. For instance, an additional measurement
without neutron beam but with a fully working appara-
tus gave a value of asymmetry of (1.1 +0.7) - 1078 (nor-
malized) [6]. Measurements of false apparatus effects were
carried out from time to time with the neutron beam off.
They were aimed at additional verification of the absence
of parasitic electrical signals in the experiment electronics
originating from the surrounding equipment in the exper-
imental hall. The duration of such a measurement was
several hours. The corresponding resulting false effect was
estimated as apeise = (—5.1 £ 7.1) * 1079 (normalized),
which is considerably smaller than the experimental un-
certainty.

The identical treatment of the results for two detectors
and for the two directions of the guiding magnetic field
thus allows us to avoid completely any noticeable influence
of parasitic electromagnetic effects.

Other possible sources of systematic uncer-
tainties

a) The left-right asymmetry in the y-quantum emission

As shown in ref. [13], the left-right asymmetry in the
second stage of decay of a polarized nucleus differs in the
reaction “Li*(1/27) — 7"Li(3/27) + 7 from zero only if
parity is not conserved in “Li, and transitions E1 and M2
contribute to the main transitions M1 and E2. P-odd
effects in the "Li nucleus do not exceed 1077-107%. In
the reference system with the center coinciding with the
center of mass of a target nucleus, with the z-axis along
the vector p,,, and with the z-axis along the vector &, let
the angle between emitted y-quantum (p) and p, denote
©, and the angle between the plane of vectors p.,, p,, and
the plane of vectors &, p, denote @. In our experiment
@ ~ 1072, and © ~ 7/2. Thus, the eventual contribution
of the left-right asymmetry (&, - [P, X py]) to the P-odd
asymmetry is proportional to sin © sin @, thus it does not
exceed 107910719,

b) The effect of Stern-Gerlach steering of polarized neu-
trons upon neutron spin-flip

The strength of the guiding magnetic field from the
adiabatic spin-flipper is equal to ~ 100e at the edge;
the strength of guiding fields from Helmholtz coils is
~ 5-100e in the target. We provided adiabatic spin-
flip conditions by cross linking these magnetic fields. The
asymmetry due the Stern-Gerlach effect is measured in
ref. [14] in a setup with about the same adiabatic spin-
flipper; it does not exceed 10719, thus providing an esti-
mate for our experiment.
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c) B-decay of ®Li
A systematic contribution of bremsstrahlung from the

parity-odd 8-decay of 8Li in the beam stop to P-odd asym-
metry in the y-channel could be estimated taking into ac-

count 10% content of “Li, the cross-sections 0215} = 945b,
oL = 0.036b, the distance from the detectors to the

act
beam stop of ~ 1 m, and the fact that about 1% of incom-
ing polarized neutrons reach the beam stop avoiding the
target. If all S-particles would convert into y-quanta, the
count rate of the y-quanta in the detector originating from
the 3-decay of 8Li would be equal to ~ 2s~!. If the asym-
metry is 100% then, taking into account the count rate
of v-quanta in the detector equal to 3.5 - 10° one could
constrain the asymmetry: af_gocay = 75359 ~ 3 X 10710,
In fact, as follows from ref. [11], the residual y-asymmetry
is 3% of the (-decay asymmetry, as it is suppressed due
to the interaction of the magnetic moment of “Li with

external non-nuclear fields, i.e. @g-qecay = 9 x 10712,

d) The false P-odd effect caused by eventual impurities in
the 9B sample

P-odd asymmetry has been observed for the follow-
ing nuclei: Cl, ™ Br, "Cd, ''7Sn, '*°La and Fe; there-
fore we have to provide that their admixtures do not
contribute to our measurements of the boron asymmetry.
The admixture of each mentioned nuclear is smaller than
0.1% compared to the 9B isotope. The maximum P-odd
asymmetry coefficient was measured in the integral spec-
trum of y-quanta in the reaction with Cl; it is equal to
—(2.84£0.5) x 10~°. Taking into account that the admix-
ture of CI in the boron target does not exceed ~ 1073, also
keeping in mind the cross-sections of neutron reactions
with B and Cl, we constrain the admixture of the P-odd
effect in Cl as follows: aicilgimty < a$l 4 e X % =
8 x 10710,

Analogous calculation for another nucleus, '3?La, with
its asymmetry coefficient of —(1.8 £0.2) x 107, provides
the following constraint: ~ 5 - 107!'. Other mentioned
nuclei result to even smaller eventual contributions to P-
odd effects.

We have been searching systematically for P-odd ef-
fects in (n, v)-reactions with other nuclei larger than those
mentioned above, but have not discovered them. Therefore
their contribution to the B effect, if any, does not exceed
the values given above.

The uncertainty of our experiments with boron is ~
1078 that is at least an order of magnitude larger than
eventual admixtures of P-odd effects in impurity nuclei.

e) Eventual false effects from a-particles

Secondary reactions involving a-particles emitted from
the studied reaction (E.o = 1.78 MeV, E,1 = 1.47MeV)
take place in the target and in aluminum:

YB(a,n)®N, Qan=1.06MeV; o <1072b,
YB(a,1)"N, Qay =11.61MeV; o <107 "h,
UB(a,n)"N, Qan=0.16MeV; o <10"'b, (18)
UB(a,7)'"N,  Qay =10.99MeV; o <10 °b,
A0, 7)*'P,  Qay =9.67TMeV; o <10 %b.
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The upper bounds for the values of these cross-sections
for a-particle energies 0-1.78 MeV could be found in the
library ENDF. Taking into account isotopic content in
the target and paths of a-particles, we constrain the
contributions of events originating from these reactions:
N,/N.g <4 %1077, N,/N,g < 1071° where N,,, N, is
the number of fast neutrons and y-quanta from secondary
reactions, N,p is the number of y-quanta from the stud-
ied reaction. The angular and energy distribution of prod-
ucts of secondary reactions is asymmetric relative to the
a-particle momentum because of the kinematics and the
orbital momentum; however, it is isotropic in the labora-
tory reference system if the distribution of a-particles is
isotropic. P-odd effects in the reaction '°B(n, «)7Li have
been studied in [15]; P-odd asymmetry coefficients are
equal:

apnc(X) = —(1.9+1.2) x 1077
—for the sum of the lines ap and asq;

Ay = (3.4+6.7) x 1077 —for the line ag;
—(2.541.6) x 1077 —for the line a;.

(19)

1
ApNC

With these data, we constrain eventual contributions
to the studied effect coming from secondary reactions:
la5e¢| < 1.6 x 1071 —for fast neutrons, [a3*°| < 4x 10717
—for y-quanta.

f) Doppler shift value of the ~y-line

The Doppler shift of the y-line 0.478 MeV could reach
AEA]?OP/EVO = 1.5 x 1072, depending on the value and di-

rection of the momentum of decelerating the “Li nucleus in
the moment of «-quantum emission. As the lifetime of the
excited “Li state is compatible to the deceleration time,
the energy distribution of y-quanta is non-isotropic within
AEDPP However, the angular distribution of “Li recoil nu-
clei and the energy distribution of y-quanta is equal for
any direction of the neutron spin if there is no correlation
with the neutron spin in the reaction *°B(n, a)7Li. Using
the data on P-odd asymmetry for the line a; from [15] we
constrain eventual asymmetry caused by the difference in
energy of emitted y-quanta: [aPP| < 8 x 1077,

New version of the integral measuring method

A new version of the integral measuring method was first
used to measure the P-odd asymmetry in ref. [16]: the fre-
quency of the neutron spin-flip was higher than the typical
frequency of the reactor power noise. Figure 3 shows the
spectral density of the reactor power noise as a function
of the frequency f measured during our experiment at
PF1B. Analogous distributions were measured earlier at
other reactors [17]. It has been shown in ref. [17] that the
asymmetry measurement uncertainty is only due to fre-
quencies higher than the spin-flip frequency. The spectral
noise density decreases sharply at high frequency; so the
corresponding systematics could generally be suppressed.

A significant fraction of light is lost in the ~-detectors,
as a photodiode sensitive area is much smaller than the
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Fig. 3. Spectral density (SPD) of the ILL reactor power fluctu-
ations (in arbitrary units), as a function of frequency, measured
during the experiment.
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Fig. 4. The uncertainties ¢ in measuring the P-odd effect in
the reaction '°B(n,a)’Li" — v — “Li(g.s.) are shown as a
function of the neutron spin-flip frequency. 1, 2) Uncertain-
ties of the asymmetry measurement for the detectors 1 and 2;
3) uncertainty of the subtracted signal (the reactor power fluc-
tuations are compensated) multiplied by /2 (for comparison
with single channels); 4) the statistical uncertainty estimated
from the value of the neutron flux.

diameter of a NaI(Tl) crystal; we therefore had to am-
plify the electronic signals significantly. This amplifica-
tion caused a “microphone effect” in the electronic chan-
nels induced by the mechanical vibration of the preampli-
fiers. As the effect depends on the electronic channel, it
is not subtracted by the measuring procedure described
in ref. [12]. Spin-flipping with high-frequency “cuts” low-
frequency non-correlated components of the two signals
and therefore reduces the corresponding uncertainty. In
order to suppress the microphone effect, we built a new
electronic system measuring the current. It is adapted to
neutron spin-flip frequencies of 0.01-50 Hz [18].

The uncertainty of the P-odd effect measurement in
the nuclear reaction (1) is shown in fig. 4 as a function
of the neutron spin-flip frequency. One can see that in-
creasing the spin-flip frequency reduces uncertainties in
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single and subtracted channels. The decrease in uncer-
tainty of the subtracted signal is due to the suppression
of the “microphone effect”. One can see in fig. 4 also
the uncertainty calculated for the neutron beam intensity
N,, ~ 3-10'9s~!. Taking into account the solid angles
to the detectors {2 ~ 0.15 and the efficiencies of the -
quantum detectors € ~ 0.78, we get the y-quanta flux in
the detectors N, = N, -¢- {2 ~ 3.5- 10%s~1. Thus the
statistical uncertainty is ~ 2 - 1072,

Experimental results

In 2007 and 2009, we carried out in the ILL two
measurements of P-odd asymmetry in the reaction
B(n,a)"Li" — v — T"Li(g.s.) using a new system of
experiment control and read-out. All measurements were
carried out in series of ~ 4min. The frequency of the neu-
tron spin-flip was equal to 5 Hz. In order to reduce effects
of apparatus asymmetry and radio noise, we reversed the
direction of the guiding magnetic field at the sample (“—”
or “—") in every series using Helmholtz coils. We mea-
sured an equal number of series for two field directions
in analogy to ref. [9]. This procedure reversed the neu-
tron spin and the measured asymmetry sign, respectively.
Thus, the subtracted signal contains double asymmetry;
in contrast, apparatus-related false asymmetries are sub-
tracted. As the spin-flip frequency was not high enough to
minimize the measurement uncertainty, we used also the
scheme of compensation for reactor power fluctuations.
This procedure minimized uncertainties.

Experiment in 2007

The result of ~ 20 days-run in 2007 is

raw

apl P = 1(314£3.8) x 1078 [19].  (20)
It is corrected for the finite neutron beam polarization P
and for the average cosine of the detection angle 6:

P{cos ) = 0.77. (21)
In contrast to the experiment studying the nuclear re-
action (7) with °Li [9], in which a “zero” experiment was
carried out (aluminium foil covered sample for preventing
charged particles to penetrate into the ionization cham-
ber), we cannot carry out an analogous experiment in the
integral current mode with the '°B sample, as y-quanta
from the neutron reaction with boron cannot be separated
from those from other reactions with impurity nuclei. We
therefore performed two test experiments of other kind.
One test consisted in measuring without the B sam-
ple but with the aluminium foil only that usually was
covering the sample. Then the neutron beam penetrates
the material behind the sample position and produces -
quanta, in contrast to measurements with the 9B sample
(the neutrons are otherwise absorbed by the sample in
the main experiment). Therefore, this is not a true “zero”
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test, but a check for false P-odd asymmetry related to the
apparatus. The statistical accuracy of such measurements
is not higher than in the experiment with the °B sample.
The measurement with the aluminium foil provided the
result (2007):
g B P = (4.2 £7.3) x 1075, (22)
The second test investigated possible false effects due
to (n,7) reactions in the apparatus material with scat-
tered neutrons. The '°B sample is replaced by a target
that scatters neutrons but does not emit y-quanta in (n, )
nuclear reactions. If the scattering by this test target is
much stronger than that by the '°B sample, the false ef-
fects are greatly enhanced. Graphite is such an “ideal”
scatterer. Its absorption cross-section for thermal neutrons
is only 0y, = 3.8 X 10~3 b, but its scattering cross-section
iS Ogeatt. = 4.8b. A target of natural graphite scattered
~ 43% neutrons. The scattering is not complete because
the graphite scattering cross-section is not as large as the
boron absorption cross-section. The result of this test is
fraphite, &b — (1 7 41.9) x 107°. (23)
Using this value and taking into account the cross-
sections of absorption and scattering in boron as well
as the values of the constant (spin-independent) parts of
the detector signals in the experiments with boron and
graphite, we calculated the contribution of the false P-odd
effect due to neutron scattering in boron and the conse-
quent absorption in the apparatus materials:

alc.

e op = (2.7+£3.0) x 1077, (24)
Obviously, the corresponding correction is small.

Besides, ~ 0.002 of neutrons scatter in air in vicinity of
the sample. Assuming 100% scattering in graphite, taking
into account the cross-sections of neutron absorption in
boron and the scattering of neutrons in air, correcting for
the ratio of constant parts of signals in analogy to the
previous calculation, we constrain the effect of neutron
scattering in air:

calc.
scatt.,air

= (3.5£3.9) x 1075, (25)

(0%

This is the most significant eventual contribution to the
measured P-odd effect. It was present in all measure-
ments; therefore we took it into account when making
“0”-tests.

The P-odd asymmetry coefficient in the reaction (1)
on boron was equal to

apBeP . (11£82) x 107, (26)

taking into account background measurements only with
the aluminum foil.

Experiment in 2009

A new measurement of P-odd asymmetry in the reac-
tion (1) with boron was carried out in 2009.
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Fig. 5. (A) Results of the measurement of the P-odd asymmetry coefficient of y-quanta emission in the reaction **B(n, ) Li" —
v — "Li(g.s.); the sign of the guiding magnetic field is taken into account: ap-oaa = a(—)— (<) for each of the two consecutive

series of the measurement corresponding to the opposite field directions “—” and “«”

. (B) Corresponding histogram of the

statistical distribution of the measured differences compared to the normal distribution. All data are taken into account; no
3o-cut is applied. The x? values and the number of degrees of freedom are given. This experiment was carried out in 2009.

We noticed in the 2007-year experiment that the rel-
ative uncertainty of measurements in the reaction with
boron and that in the “O-test” (normalized to the con-
stant signal in the boron measurement) were approxi-
mately equal. On the other hand, the uncertainty in the
“0-test” should be much smaller because currents in -
quanta detectors in “zero” experiments were much smaller
than currents in the main experiment with boron. We con-
cluded that there have been high-energy ~-quanta in all
experiments; their energy of £, = 5-7MeV was typical
for the (n,~)-reaction in constrictive materials and in air
in detector vicinity; the intensity of such y-quanta in the
main experiment and in the “O-test” were approximately
equal. In the integral detection method, the current in de-
tectors is proportional to NE,, where N is the number
of v-quanta, and F, is the y-quanta energy, thus even a
small amount of y-quanta of high energy could increase
considerably the measurement uncertainty as the energy
of y-quanta in the reaction (1) is only E, = 0.478 MeV.

In order to decrease the amount of such high-energy
y-quanta we built a new system to deliver neutrons to the
target. It included a tube with the length of 2m made of
boron rubber filled in with flowing-through *He. The sub-
stitution of air by helium allowed a decreasing of the neu-
tron scattering; scattered neutrons were totally absorbed
in the boron rubber; helium consumption was ~ 1001/day.
The boron target of the enriched 1B isotope was installed
inside the tube close to the y-quanta detectors.

This modification decreased the relative uncertainty in
the main measurements by a factor of 1.2. The measure-
ment resulted in the P-odd asymmetry value

raw g B (904 2.5) x 1078, (27)
measured for 31 days. The principal gain in the experi-
mental accuracy arrived from the “O-test”, in which the

intensity of y-quanta produced in the aluminum foil be-
came small. Compared to the uncertainty of measure-
ments without using the helium-filled tube, now the un-
certainty decreased by a factor of 3 (from 1.5 x 107 to
0.5 x 10~7 per day). The “zero” measurements resulted in
the following contribution to the P-odd asymmetry:

ap 3P = —(1.3+1.6) x 1075, (28)
This value is normalized to constant signals in the main
measurements with the boron target; it is corrected for
finite neutron polarization and the average cosine of the
solid angle covered by the detectors. Taking into account
the “O-test” we get the following result for the 2009-year
experiment:

ap PSP = (0.7 4£3.0) x 1075, (29)

Figure 5 presents the results of the measurement of
differences of P-odd asymmetry coefficients of «-quanta
emission in the reaction (1) for each two consecutive
4-minutes series. One of them corresponds to one of
the two opposite directions of the guiding magnetic field
(a pair of series provides a double value for the P-odd ef-
fect), that is ap-oqa = a(—) — a(+). The histogram of
the statistical distribution of the differences is compared
to the normal distribution. Figure 6 shows analogous re-
sults and the histogram for the “O-test”. Calculated values
of x? indicate the statistic nature of the scattering of the
experimental results and their normal distribution.

Table 1 presents values of the P-odd asymme-
try coefficients of ~-quanta emission in the reaction
10B(n,a)"Li" — v — "Li(g.s.) as well as results of “zero”
experiments measured in all performed experiments in ILL
(all data are taken into account; no 3o-cut is applied).

Table 2 shows measured and estimated systematic ef-
fects and corrections in our measurements.
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Table 1.
10 exp. 10 10 exp.
AW B P Q0-tast aplona”
ILL, 2001-2002 (2.74+3.8) x 1078 —(0.9+£4.8) x 1078 (3.6 £6.1) x 1078 [6,7]
ILL, 2007 (3.14+£3.8) x 1078 (4.247.3)x 1078 —(1.1+£8.2) x 1078 [19]
ILL, 2009 —(2.0+£2.5)x 1078 —(1.3+£1.6)x 1078 —(0.7+£3.0) x 1078
Average measured value (0.0£2.6) x 1078
Table 2.
1) Neutron polarization (92+2)% (7)
2) Left-right asymmetry <1072 (*%)
3) Stern-Gerlach steering asymmetry <1070 (%)
4) ®Li beta decay < 910712 (")
5) False P-odd effect from impurities <8%1071 (%)/(*)
6) P-odd asymmetry in secondary reactions involv- |[a5e°] < 1.6 x 107" —for fast neutrons,
ing a-particles emitted from the studied reaction |as®| < 4 x 1077 —for y-quanta. (**)
7) Asymmetry caused by the difference in energy of |aPoP| < 8 x 1077 (*%)
emitted y-quanta
8) Electromagnetically induced false effect Qnoise = (=5.1+7.1) %1072 (%)
9) “0”-test ap B &P = (1.3 4+ 1.6) x 1075 (*)
(*) Measured effects.
(**) Estimated effects.
Thus, we obtain the final result value (30) of the P-odd asymmetry coefficient in the
10 _ . . . . 10 7 oK
aP_EE),dzxp. = (0.0 £ 2,651t £ 1.1oye0) - 1075, (30) z quanta emission in the reaction "*B(n,a)'Li — v —
Li(g.s.), and the value of the weak charged current con-
. . . . stant hg = —11.4 x 1077, as this has been done in
Discussion and estimation of the weak neutral g qying the reaction ®Li(n, @)*H [9]. We used eq. (3)
current constant and “the best” values of constants hz = —0.2 x 1077,
One could estimate the weak neutral current constant hQ =—1.9x10"7 and hl, = —1.1 x 1077 within the DDH

value using the cluster nuclear model, the measured theory.
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Fig. 7. Experimental constraints for the weak-interaction con-
stants.

Thus, the weak neutral current constant and its un-
certainty would be given by

10

fBa—(204+1.6)x1077, (31)
or, at 90% confidence level
FB<0.6x1077. (32)

The existing data is sufficiently precise to state
that the weak neutral current constant in the reaction
UB(n,a)Li" — v — "Li(g.s.) is smaller than the “best
DDH value”. As mentioned above, the constraint for the
weak neutral constant obtained in the reaction with °Li [9]

in the cluster model framework [§] f:Li <1.1x1077is
also smaller than the “best DDH value”. Finally, we con-
clude that the two measured constraints (with 1B and
SLi) for the weak neutral constant agree with each other
but contradict the “best DDH value” f, = 4.6 x 1077,

Figure 7 shows a plot of constraints for the weak-
interaction constants following from different experi-
ments. We used a diagram from ref. [20] updated by
new data measured in the reactions °Li(n,a)*H and
0B(n,a)"Li" — v — "Li(g.s.) treated in accordance with
the cluster model. As it is seen in fig. 7, our data agree well
with the results of other experiments; we suppose that the
application of the cluster model is justified.

Conclusion

We measured the P-odd asymmetry in vy-quanta emission
in the reaction °B(n,a)’Li" — 7 — TLi(g.s.) and in
“0”-tests using in the last experiment a new method based
on the neutron polarization switching with a frequency
higher than the frequencies of reactor power fluctu-
ations. This method allowed reducing the asymmetry

Page 9 of 9

uncertainty to § ~ 1.4 x 1077 per day, that is compat-
ible to the uncertainty in the P-odd asymmetry in the
reaction °Li(n,«)*H, where measurements were carried
out using the ionization chamber, in which external non-
synchronous components of detector noise are absent [9].
Further significant increase in accuracy due to methodical
improvements is not expected.

The resulting value of the P-odd asymmetry coefficient
18 10

ap &P = (0.0 4 2.640a¢ + 1.1gyet) - 1075

If the measuring time in new experiments will be as
long as 120-150 days, the accuracy would increase twice.
Such a measurement would improve the accuracy in the
P-odd asymmetry measurement to § ~ 1 x 1078, taking
into account the present result. In this case, we might hope
to get a non-zero P-odd effect.

We would like to underline that the recent progress in
the experimental methods and facilities allows us to reli-
ably measure non-zero asymmetry values of the order of
5x 10781077 in reactions of polarized cold neutrons with
light nuclei, thus giving access to studies of weak neutral
currents. However, we understand limitations of the the-
oretical models used and invite specialists in the field to
contribute to the theoretical analysis of the problem.

We are grateful for the support provided by the RFFI grant
07-02-00138-a.
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