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© 2011 E. S. Konobeevski, M. V. Mordovskoy, I. M. Sharapov, S. 1. Potashev, S.V. Zuyev

Institute for Nuclear Research, Russian Academy of Sciences, Moscow, Russia

We report preliminary results of a kinematically complete experiment on measurement of nd breakup reaction yield
at neutron beam RADEX of Institute for Nuclear Research (Moscow, Russia). In the experiment two secondary
neutrons are detected in geometry of neutron-neutron final-state interaction. Data are obtained at energy of incident
neutrons £, =40 - 60 MeV for various divergence angles of two neutrons A® = 4, 6, 8°. 1S, neutron-neutron scattering
length a,, were determined by comparison of the experimental dependence of reaction yield on the relative energy of
two secondary neutrons with results of simulation depending on a,,. For E,= 40 MeV and A® = 6° (the highest statistics
in the experiment) the value a,, = -17.9 = 1.0 fm is obtained. The further improving of accuracy of the experiment and
more rigorous theoretical analysis will allow one to remove the existing difference in a,, values obtained in different

experiments.
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Introduction

The aim of this work — determination of singlet
length of nm-scattering — is associated with the
problem of charge symmetry of nuclear forces
suggested in 1932 by Heisenberg. It is known that the
charge symmetry breaking (CSB) of nuclear forces,
i.e. a difference in nuclear nn- and pp-interactions,
according to the modern representations is associated
with difference in masses of up and down quarks,
their charges and magnetic moments [1].

Due to existence of the virtual singlet state of two
nucleons with close to zero energy, the
corresponding scattering lengths a,, and a,, have
large negative values and are rather sensitive to
small differences in nn- and pp-potentials (a 1 %
change in the potential strength results in 20 - 30 %
shift in the scattering length). The authors [2] wrote
that “the nucleon-nucleon scattering length is a
powerful magnifying glass to study the NN
interaction”. Thus, precise determination of singlet
scattering lengths and their difference a,, - a,, from
experimental data is a convenient way for
determining the measure of CSB of nuclear forces.

The proton-proton scattering length is determined
in experiments on free pp scattering (a,,=-17.3 +
+ 0.4 fm), and its uncertainty is related mainly to the
model dependent procedure of exclusion of
electromagnetic component of the pp interaction.

As the results on direct measurement of neutron-
neutron scattering length are not obtained yet, this
value is determined mostly usingn +d —p +n +n
and © + d — y + n + n reactions and investigating
the region of the n-n FSI where two neutrons fly
together with small relative energy [2 - 5]. In Fig. 1
the basic recent experimental data on neutron-
neutron scattering length are shown. One can see,
that results obtained by now testify significant
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uncertainty of a,, values which are clustered near
-16.3 £ 0.4 [2, 3] (Bonn) and -18.5 + 0.4 fm [4 - 7]
(TUNL, LAMPF), so there is even uncertainty about
the sign of the difference an,-a,, which is a measure
of CSB. One can note the only known result
obtained by TUNL-Bonn collaboration and
published in TUNL Annual Report-2005-2006, a,, =
=-17.6 £ 0.2, which differs from results of both
groups and is consisted with ay, value. But later the
both experimental groups presented data close to
those they obtained earlier.
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Fig. 1. The recent experimental data on neutron-neutron
scattering length. Squares — data extracted from © + d —
Yy + n + n reaction, circles — fromn +d - p +n +n
reaction. The gray region corresponds to a,, values.

In order to remove the existing uncertainty in the
value of nn scattering length the new precise
experiments are needed.

Experiment

In this experiment, the neutron-neutron final state
interaction (FSI) is investigated in the
n+d— p+n+n reaction at an incident neutron
energy of 40 +5 MeV. Two-neutron events in the
output channel, having a very small relative
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momentum, correspond to the FSI kinematical
region. In this case, the neutron-neutron FSI
manifests itself as a peak in the dependence of the
reaction yield on the relative energy of two neutrons:

g:%(E]+E2—21/E1E2 c0sA@), (1)

whose shape is sensitive to ayy.

To obtain an experimental dependence of the
reaction yield and determine a,,, it is necessary to
detect in coincidence two neutrons, emitted in a
narrow cone of angles with respect to the direction
of motion of their center of mass, and measure the
energies of both neutrons (£, and E,) and angle A®
between their exit directions.

The n+d— p +n+n reaction is investigated
on the neutron beam of the RADEX channel of the
Moscow meson factory at the Institute for Nuclear
Research [8]. A schematic of the facility is shown in
Fig. 2. The beam stop of 200 MeV protons of the
INR linear accelerator is used as a neutron source.
The neutrons produced in the tungsten target (60
mm W) are collimated at zero angle at a length of 12
m to form a beam ~60 mm in diameter at the
reaction target. At the first stage of the experiment,
data for primary neutrons with an energy of
40 £ 5 MeV were obtained and processed. In this
case, the secondary particles (neutrons and protons)
have energies in the range of 1020 MeV. The range
of primary neutron energies studied here is optimal,
because it produces simultaneously a sufficiently
high neutron flux and fairly good time resolution of
secondary neutrons.
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Fig. 2. Schematic of the experimental setup for deter-
mining the nn scattering length inthen+d > p+n+n
reaction: / — neutron-producing target; 2 - neutron beam
collimators; 3 - deuterium (CD,) target; 4 - proton
detector; 5 - neutron hodoscope.

A deuterated polyethylene disk with a thickness
of 100 mg cm * and a diameter of 50 mm is used as
the measurement target. To subtract the background,
measurements with a carbon target were performed.
To decrease the proton energy loss, the targets were
oriented at an angle of 20° with respect to the proton
detector and, correspondingly, at angles of about 50°
to the neutron detectors. In this case, the emitted
protons have minimum ionization loss in the target
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and at the same time the multiple neutron scattering
in the target remains minimal.

Protons are detected by a fast scintillating plastic
detector with a diameter of 40 mm and a thickness
of 5 mm. The detector is located at a distance of
30 cm on the right from the CD, target at an angle of
90° with respect to the incident neutron beam axis. It
is necessary to detect protons at a certain angle both
to form a starting signal for the time-of-flight
spectrometer and to additionally select events with
low relative neutron energies.

The neutron time-of-flight hodoscope consists of
six detectors, located at angles of 24 -34° with
respect to the primary neutron direction, with a step
of 2° at a flight distance of 5 m from the CD, target,
on the left from the incident neutron beam axis. The
detectors are made of scintillating plastic in the form
of rectangular prisms with a cross section of 100-140
mm” and a length of 300 mm. The angular spread of
neutron detection is defined by the detector cross
section size and the time-of-flight distance; it was
found to be +0.5° in our experiment. The time
resolution of the scintillation detectors was
measured using light emitting diodes as light
sources. The lower amplitude detection threshold
corresponds to the Compton edge of the '*’Cs y-line:
488 keV (~1 MeV for neutrons).

Having obtained information on the time-of-
flight, the energies of two neutrons are calculated
while the neutron opening angle is determined from
the numbers of the triggered detectors. The relative
energy € of two neutrons is calculated using formula
(1) from the measured energies of two neutrons and
their opening angle, after which the distribution of
the number of nd-breakup events on € is constructed.

Simulation of the nd breakup reaction yield

The procedure for extracting information on the
singlet nn scattering length from the data on the nd
breakup reaction yield consists in comparing the
shape of the FSI peak in the experimental
dependence of the reaction yield on the relative
energy of two neutrons g with the results of the
reaction simulation using various theoretical models.
This dependence, the shape of which is sensitive to
am, can be described using the Watson - Migdal
(WM) formula in the simplified form (zero range
nuclear force approximation) with a particular value
of the parameter a,,

N

E+ée,

Fyy ~ (2)

The relation between the parameter g and the
scattering length a,, is expressed by the formula
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where m, is the neutron mass, a,, is in fm, and g, is
in MeV. The three-body kinematics of the nd
breakup reaction was simulated in two stages. At the
first stage, the formation of a neutron pair with
effective invariant mass M,, = 2m, + ¢ in the two-
particle reaction nd — p + (nn) was considered and
the emission angles and kinetic energies of the
proton @, and £, and the nn-pair center of mass @y,
and E,, were calculated in the laboratory coordinate
system. The & dependence of the reaction yield was
taken into account by the number of simulated
events with different ¢, in accordance with curves
calculated by the WM formula (2) with a particular
value of gy or a,, (3).

At the second stage, the (nn) breakup
(nn) — ny+n, was considered and the emission
angles and kinetic energies of two neutrons ®;, ®,
and E,, E, were calculated in the laboratory
coordinate system. The experimental conditions (the
arrangement and number of detectors, their energy
and angular resolution) were then taken into
account. Events corresponding to the simultaneous
arrival of the proton at the proton detector and of the

pair of neutrons separated by the angle A® at the
hodoscope’s neutron detectors were selected from
the total number of simulated events.

Determination of a,,

To determine scattering lengths a,, the expe-
rimental dependence of the yield of nd-breakup

exp

reaction w is compared with results of
&

simulationw. In Fig. 3 experimental data
&

for A® = 4, 6, 8° and energy of incident neutrons
40+ 5 MeV are compared with simulation results
for three values of of nn-scattering length (-15.5 fm,
-17.9 fm, -21.5 fm). For the experimental points
total statistical error, including the statistical
uncertainty of background subtraction, is shown.
One can see that the best conditions for comparison
with results of simulation are for data at A® = 6°.
Data for 8° are obtained with worse statistics, while
for 4° the FSI peak is very narrow, that impedes the
comparison. Therefore at the given stage of data
collection extraction of value of neutron-neutron
scattering length was performed for the data
obtained at A® = 6°.
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To determine scattering length the simulation
was performed in a wide range of a,, values from
-13 up to -23 fm. Further we have minimized value
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x* for the experimental and theoretical (simulated)
points, given by expression:

37



E.S. KONOBEEVSKI, M.V. MORDOVSKOY, I.M. SHARAPOV ET AL.

AN (AO) AN (A®) 2 In this case, the minimum value szm determines
( -4 j the scattering length, and the statistical error in
) de de . .2
7(a,)= z > (4) determining ay, is given by the formula
B A AN (A®)
dé‘ Aann :|al1n(liin)_ann(liin +1)| (5)
where 4 is the normalizing coefficient determined as Conclusion
the ratio of integrals of experimental and theoretical
spectra in a wide range of ¢ (() - 0.8 MeV), and Neutron-neutron FSI  was studied in the
AN®(A®) . o n+d—p+n+n reaction in the kinematically
A———— is a statistical error of the ¢omplete experiment at neutron energy 40- 60 MeV.

de
experimental points. To extract the value of
scattering length and its statistical uncertainty, the
dependence ”(ay,) was approximated by a quadratic
polynomial (Fig. 4).

In the experiment two neutrons outgoing in a narrow
cone of opening angles A® = 2 - 10° were detected.
S, neutron-neutron scattering length a,, was
determined by comparison of the experimental
dependence of reaction yield on the relative energy

¥ /’ of two secondary neutrons with results of simulation
4 depending on a,,. For £,=40 MeV and A® = 6° (the
%0 ',/ highest statistics in the experiment) the value a,, =
4 A =-17.9 £ 1.0 fm is obtained. The further improving
5 N 4 of accuracy of the experiment and more rigorous
N, . / . theoretical analysis will allow one to remove the
'\ . /./‘ existing discrepancy in a,, values obtained in

10 \3\-'._.:_._‘_:_‘4,9.’3}‘ e different experiments.
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Fig. 4. xz versus a,, dependence for E, = 40 5 MeV,
A® = 6°. Values %’ (a,,) are obtained using Eq. (4) by
summation over 8 points on € (0.052 - 0.087 MeV). Curve
is approximation by a quadratic polynomial.
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BU3HAYEHHSI HEFITPOH-HEFITPO}IHOi AOBXHMHU PO3CIAAHHA 3 JAHMX ITPO BUXOIU
PEAKIIII nd PO3BAJIY B 'EOMETPII PEECTPAIIL IBOX HEUTPOHIB Y KIHIHIEBOMY CTAHI

€. C. KonooeeBcokuii, M. B. Mopaosckoii, 1. M. lllapanos, C. 1. [lorames, C. B. 3yes

OpneprkaHo ToTepe/IHi JaHi BUMIpIOBaHHs BUXOY Peakiii #d po3Baly B KIHEMAaTHYHO ITOBHOMY €KCIIEPUMEHTI, 110
BUKOHYBaBcsi Ha HelitponHomy kaHaini PAZIEKC Iucrutyty saepHux nocnimkenb (MockBa, Pocis). B ekcriepumenTi
PCECTPYIOThCS JIBa BTOPUHHHUX HEHTPOHHM B KOH(QIrypailii HEWTpOH-HEHTPOHHOI B3aEMOIT B KiHIeBOMY cTaHi. JlaHi
0JIepKaHO TIPU CHEepril MepBUHHUX HEHTPOHIB E, = 40 - 60 MeB 1y1s pi3HHUX KyTiB PO3JIBOTY IBOX HEHTpOHIB A® =4, 6,
8°. 'S, HeHTpOH-HEHTPOHHA IOBKHHA PO3CISHHS d,, BH3HAUAECTHCS UUIAXOM IOPIBHSAHHS EKCIHEPHMEHTANbHOI
3aJI)KHOCTI BUXOY peaKiii BiJl BiTHOCHOT €HepTil BTOPHHHHUX HEWTPOHIB 3 pe3ysibTaTaMH MOAETIOBAHHS, 110 3aJIeXKaTh
BiJl BEIMYUHHU d,,. s E, = 40 MeB u A® = 6° (Halikpamia CTaTUCTHKA B €KCIIEPUMEHTI) OJICpKAHO 3HAYCHHS a,, =
=-17,9 + 1,0 ®m. ITogasple mokpaniaHHs TOYHOCTI €KCIIEPUMEHTY Ta OLIBII CTPOTHI TEOPETHIHHI aHAIII3 OlepKaHuX
JTAHUX JACTh 3MOTY YCYHYTH iCHYIOUYE PO3XO/KEHHS PE3YJbTaTiB IS d,,, OJEPKaHUX Y PI3HUX EKCIICPUMEHTAX.

Krouosi cnosa: peaxiiist po3Baiy, HEUTPOH, NEUTPOH, HEUTPOH-HEUTPOHHA JOBXXHUHA PO3CISTHHSI.
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OIPEJEJIEHUE HEUTPOH-HEMTPOHHOM JJIMHbI PACCESIHUSI U3 JAHHBIX O BBIXOJIE
PEAKIIMU nd PA3BAJIA B TEOMETPUM PETUCTPAIIMN JBYX HEUTPOHOB
B KOHEYHOM COCTOsAHUHU

E. C. Konoo6eesckuii, M. B. Mopnosckoii, 1. M. lllapanos, C. U. [Torames, C. B. 3yes

Ilomy4ensl mpenBapuTeNnbHBIC JaHHBIC HM3MEPEHHUs BBIXOJAa peakuud nd pas3Baja B KHHEMAaTHYECKHU IIOJHOM
SKCHEepUMEHTe, IpoBoxuMoM Ha HeiirpoHHoM kaHane PAJIOKC HMuctutyra simepHbIx wuccnepoBanuii (Mocksa,
Poccust). B skcnepuMeHTe AETEKTHUPYIOTCS JBa BTOPUYHBIX HEUTpPOHA B KOH(QUIypanud HEHTPOH-HEHTPOHHOTO
B3aUMOJEUCTBHSI B KOHEUHOM COCTOSIHUH. JIaHHBIE ITOJIy4YEHBI IIPH 3HEPTHU MIEPBUYHBIX HEHTpoHOB E, = 40 - 60 M»>B
JUI Pa3IMYHBIX YIJIOB paslieTa JByX HEHTpoHOB A® = 4, 6, 8°. 'Sy HEHTPOH-HEHTPOHHAS IIMHA PACCESHHS d,,
OIpEeNsieTCsl CPaBHEHHEM SKCIEPHMEHTAIbHOW 3aBUCHMOCTH BBIXO/a PpEaKIMHU OT OTHOCUTEIbHOW 3HEPruu
BTOPUYHBIX HEUTPOHOB C pe3yJbTaTaMU MOJEIMPOBAHUs, 3aBUCSIIIUMHU OT BEIUUYMHBI ay,. i E, = 40 MaB u A® = 6°
(Hamiyuiiasi CTaTUCTHKA B SKCIIEPUMEHTE) MOIYyYeHO 3HAa4YeHUe a,, = -17,9 = 1,0 ®dm. JlanbHeiimee ynydiieHue
TOYHOCTH 3KCHEPUMEHTa U 0Ooyiee CTPOTUM TEOPETHYECKUM aHAIN3 IOIYYEHHBIX MAAHHBIX IO3BOJUT YCTPaHUTH
CYLIECTBYIOIIEE PACX0XKICHUE PE3YIBTATOB JUISl py, TOJYUEHHBIX B Pa3HBIX DKCIIEPUMEHTAX.

Knrouegvie cnosa: peaknyst pa3Bana, HEUTPOH, IEUTPOH, HEUTPOH-HEUTPOHHAS AITUHA PACCESHUSI.
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