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Iapos B. W. u ap. E1-2004-87
W3mepeHus pa3HOCTH MOJIHBIX cedueHuit Ao, (np)
mpu sHeprusx 1,39; 1,69; 1,89 u 1,99 B

IIpencraBiaeHsl HOBBIE TOYHBIC PE3YIbTAaThl H3MEPEHUH CIHH-3aBHCHMON Pa3sHOCTU IOTHBIX
HEHTPOH-IIPOTOHHBIX cedeHHuil Ao, (np) IpH KMHETUYECKUX SHeprusx Heitponos 1,39; 1,69; 1,89
u 1,99 I'5B. B 0CHOBHOM, 3TH JlaHHBIC 3aBEPIIAIOT M3MEPEHMS DHEPreTHYECKOW 3aBHCUMOCTH
Ao, (np) B obnactu 3Hepruil TyOHEHCKOro CHHXpoQa3oTpoHa. [loutn MOHOXpOMaTHYeCKUil Hel-
TPOHHBIH ITy4OK MOJIyYaJICsl IPH pa3Bajle BbIBEJEHHBIX U3 CUHXPO(a30TPOHA BEKTOPHO-IOJISPU30-
BaHHBIX JCHTPOHOB. 3HAK NOIAPU3ALUM JACHTPOHOB (a CIIEIOBATEIbHO, U HEHTPOHOB) MEHsIICS
OT IIUKJIA K UKITy. BepTukanpHas opueHTaMs NONAPH3aluK HEHTPOHOB IOBOPAYMBAIACh 110 HATIPa-
BJICHUIO HEIITPOHHOTO IMy4Ka, U HPO0IbHO-NOJIIPH30BaHHBIE HEHTPOHBI IPOIYCKAIUCh Yepe3 60IIb-
LIYI0 IPOJIOJILHO-TIOJISIPU30BAaHHYIO IPOTOHHYIO MHUILIeHb. Hanpasienue npogoabHoi nonspusanin
MHUILEHH HHBEPTUPOBATIOCH CIycTs 1-2 cyT m3Mepenuid. beictpslii cnan —Ao, (np) ¢ pocToM 3HEpruu
Boiie 1,1 ['9B u cTpykTypa B SHEpreTuueckoil 3aBucumMoctd Bokpyr 1,8 I'3B, BrnepBbie HaOmOnCH-
Hble B Ooslee PaHHUX W3MEPEHUSIX, KaKyTCs SIBHO BbIpaKeHHbIMH. HOBbIE JaHHbBIE CPaBHUBAIOTCS
€ MOJE/IBHBIMU NPEACKA3aHUAMU U ¢ perieHusamu aszosoro aHanusa. [IpuBogsarcs 3HaueHus Ao,
IS HI30CHHIVIETHOTO cocTossHus / =0, IIoTydeHHbIe U3 H3MEPEHHBIX A0, (1p)-BEIMYMH U U3BECTHBIX
Ao (pp)-nanHBIX. [IpeacTaBieHbl TaKKe pe3yIbTaThl M3MEPEHHH NOIHEIX 7p- 1 nC-cedeHHuil py He-
CKOJIBKUX SHEPIUsX, OyYEHHbIE C HCIIOIb30BAHUEM TOM K€ YCTAHOBKH Ha BEICOKOMHTCHCHBHBIX ITy4-
KaxX HETIOJIIPU30BAHHBIX ICUTPOHOB, BEIBOJUMBIX 00 U3 CHHXPO(A30TpOoHa, TUO0 U3 HyKIOTPOHA.

Pabora BbinonHeHa B Jlaboparopun Beicokux sHepruit um. B. 1. Bekcnepan A. M. banguna OWUSAN.

IMpenpuaT OOBEANHEHHOTO HHCTHTYTA SAEPHEIX HccnenoBanuil. lyona, 2004

Sharov V. 1. et al. E1-2004-87
Measurements of the Total Cross-Section Difference Ao, (np)
at 1.39, 1.69, 1.89 and 1.99 GeV

New accurate results of the neutron—proton spin-dependent total cross-section difference
Ao, (np) at the neutron beam kinetic energies of 1.39, 1.69, 1.89 and 1.99 GeV are presented. In gener-
al these data complete the measurements of energy dependence of Ao, (np) over the Dubna Syn-
chrophasotron energy region. The quasi-monochromatic neutron beam was produced by break-up
of extracted polarized deuterons. The deuteron (and hence neutron) polarization direction was flipped
every accelerator burst. The neutron vertical direction of polarization was rotated onto the neutron
beam direction and longitudinally (L) polarized neutrons were transmitted through the large proton
L-polarized target. The longitudinal target polarization direction was inverted after 1-2 days of mea-
surements. Four different combinations of the beam and target parallel and antiparallel polarization
directions, both oriented along the neutron beam momentum, were used at each energy. A fast de-
crease of —Ao, (np) with increasing energy above 1.1 GeV and a structure in the energy dependence
around 1.8 GeV, first observed from our previous data, seem to be well revealed. The new results are
also compared with model predictions and with phase shift analysis fits. The Ao, quantities for isosin-
glet state / =0, deduced from the measured Ao, (np) values and known Ao, (pp) data, are also given.
The results of the measurements of unpolarized total cross sections o, (np) at 1.3, 1.4 and 1.5 GeV
and o, (nC)at 1.4and 1.5 GeV are presented as well. These data were obtained using the same appa-
ratus and high intensity unpolarized deuteron beams extracted either from the Synchrophasotron, or
from the Nuclotron.

The investigation has been performed at the Veksler and Baldin Laboratory of High Energies, JINR.
Preprint of the Joint Institute for Nuclear Research. Dubna, 2004




INTRODUCTION

The paper presents new results of the spin-dependent neutron-proton total
cross-section difference Ao, (np), measured in 2001 with a quasi-monochromatic
polarized neutron beam and the polarized proton target (PPT). The Aoty (np)
values were obtained at neutron beam kinetic energies of 1.39, 1.69, 1.89, and
1.99 GeV.

The free polarized neutron beam with a sufficient intensity was produced
by break-up of polarized deuterons accelerated by the Synchrophasotron of the
Veksler and Baldin Laboratory of High Energies (JINR, Dubna). This accelerator
provides the highest energy (3.7 GeV) polarized neutron beam that can be reached
at the present moment.

The spin-dependent N N-observables Aoy, and Aot are defined as a differ-
ence in the NN total cross sections for the antiparallel and parallel beam and
target polarizations, oriented longitudinally (L) and transverse (T) to the beam
direction. Transmission measurements of the Aoy, (np) and Aot (np) energy de-
pendences over the Synchrophasotron neutron beam energy range of 1.2-3.7 GeV,
have been proposed [1, 2] and started [3, 4, 5, 6] in Dubna. The measurements
were carried out within the program of the JINR project «<DELTA-SIGMA ex-
periment». The aim of this experimental program is to obtain sufficient data set
on the np polarization observables over this new highest energy region of free
polarized neutron beams and to do a direct reconstruction of the imaginary and
real parts of the spin-dependent forward scattering np amplitudes for the first
time.

To carry out Aoy, (np) measurements, a large Argonne—Saclay polarized pro-
ton target (PPT) was reconstructed at Dubna [7-9] and a new polarized neutron
beam line [10, 11] with suitable parameters was made and tested. A set of
dedicated neutron detectors with corresponding electronics was used. The data
acquisition system was based on CAMAC parallel branch highway controlled by
IBM PC with the branch driver [12] finished off by one of the authors. On-line
program in Pascal works under DOS. The successful data taking runs were car-
ried out in 1995 and 1997 and the Aoy, (np) values were measured at 1.19, 1.59,
1.79, 2.20, 2.49, and 3.66 GeV [2-6]. For the measurements in 1997, a new PPT
polarizing solenoid [13] was developed at VBLHE.

The nucleon—nucleon (NNN) total cross-section differences Aor, and Ao,
together with the spin-average total cross section o4, Were measured in pure
inclusive transmission experiments. They were linearly related with three non-
vanishing imaginary parts of the NN forward scattering amplitudes via optical



theorems and allowed one to reconstruct directly these imaginary parts. The
data were also used to check the predictions of available dynamic models and
to provide an important contribution to databases of phase-shift analyses (PSA).
From the measured Aoy, (np) values it was possible to deduce the Aoy, nucleon—
nucleon isosinglet (I = 0) part, using the existing pp (isotriplet I = 1) results.

The total cross-section differences Aoy, v for pp scattering were first mea-
sured at the ANL-ZGS and then at TRIUMF, in PSI, at LAMPF, SATURNE II
and in Fermilab. Results were obtained in the energy range from 0.2 to 12 GeV
and at 200 GeV. Measurements with incident charged particles need an experi-
mental set-up different from neutron—proton experiments, due to the contribution
of electromagnetic interactions. Existing Aoy, v(pp) results are discussed in [14]
and in references therein.

Aot (pn) results from 0.51 to 5.1 GeV were deduced for the first time in 1981
from the Aoy, (pd) and Aoy, (pp) measurements at the ANL-ZGS [15]. These pn
results were omitted in many existing PSA databases due to uncertainties in the
Glauber-type rescattering corrections. They were discussed in [3, 4, 14].

Using free polarized neutrons at Saturne II, Ao (np) and Aoy, (np) results
were obtained at 11 and 10 values of energy in the range from 0.31 to 1.10GeV,
respectively [16, 17, 18]. The Saclay results were soon followed by PSI mea-
surements [19] at seven energy bins from 0.180 to 0.537 GeV, using a continuous
neutron energy spectrum. The PSI and Saclay sets allowed one to deduce imag-
inary parts of np and I = 0 spin-dependent forward scattering amplitudes [14,
18]. Only Aoy, (np) was measured at five energies between 0.484 and 0.788 GeV
at LAMPF [20]. A quasi-monoenergetic polarized neutron beam was produced
in pd = n + X scattering of longitudinally polarized protons.

At low energies, Aoy, (np) was measured at 66 MeV at the PSI injector [21],
and at 16.2MeV in Prague [22]. Ao (np) was determined in TUNL at nine ener-
gies between 3.65 and 11.6 MeV [23], and at 16.2MeV in Prague [24]. Recently
the TUNL measured Aoy, (np) at six energies between 4.98 and 19.7MeV [25]
and Aor(np) at three other energies between 10.7 and 17.1 MeV [26].

At high energies the Aoy (np) results using free polarized neutrons were
obtained at the JINR Synchrophasotron only. The Dubna results smoothly connect
with the existing data at lower energies. The —Aoy,(np) energy dependence
shows a fast decrease to zero above 1.1 GeV and a structure around 1.8 GeV.
Values of the I = 0 part of Aoy, are also presented. The data are compared with
model predictions and the PSA fits.

Section 1 gives a brief determination of observables. Section 2 describes
the method of measurements. The essential details concerning the beam, the
polarimeters, the experimental set-up and PPT are given in Sec. 3. Data acquisi-
tion and analyses are described in Sec. 4. Results and discussion are presented
in Sec. 5.



1. DETERMINATION OF OBSERVABLES

Throughout this paper we use the NN formalism and notations for elastic
nucleon—nucleon scattering observables from [27].

The general expression of the total cross section for a polarized nucleon
beam transmitted through the PPT, with arbitrary directions of the beam and
target polarizations, Py and P, respectively, was first deduced in Refs.[28,
29]. Taking into account fundamental conservation laws, it is written in the
form:

Ttot = O0tot + O1tot (P8, PT) + 020t (P8, k) (P, k), (1.1

where k is a unit vector in the direction of the beam momentum. The term
Ootot 1S the total cross section for unpolarized particles, o1tot, O2tot are the spin—
dependent contributions. They are related to the measurable observables Ao
and Aoy, by

—Aot = 201tots (1.2)
—Aot, = 2(01t0t + 02t0t)s (1.3)

called «total cross-section differences». The negative signs for Aor and Ao,
in Egs. (2.2) and (2.3) correspond to the usual, although unjustified, conven-
tion in the literature. The total cross-section differences are measured with
either parallel or antiparallel beam and target polarization directions. Polariza-
tion vectors are transversally oriented with respect to k for Agr measurements
and longitudinally oriented for Aoy, experiments. Only Aoy, measurements are
treated below, but the formulae are similar for the both total cross-section dif-
ferences.
For P:§ and P%, all oriented along k, we obtain four total cross sections:

o(3) = o(++) = ootot + |PEPH| (0100t + 02t0t), (1.4a)
o(5) = o(—+) =00t — |P5PF| (010t + 0210t ), (1.4b)
o(Z) = o(+-) =0ootot — |PEPT| (1ot + T2t0t), (1.4¢)
o(&) = o(——) = ootot + [PEPT| (o110t + 0260t )- (1.4d)

The signs in brackets correspond to the Py and P directions with respect to k, in
this order. In principle, an arbitrary pair of one parallel and one antiparallel beam
and target polarization directions determines Aoyp,. By using two independent
pairs, we remove an instrumental asymmetry term (IA).

Below the neutron beam and the proton target are considered. Since the Pp
direction at the Synchrophasotron could be reversed every cycle of the accelerator,
it is preferable to calculate Aoy, from the pairs (=), (S5), and (2), (&),
measured with the same Pt orientation. It helps to avoid long-time efficiency



fluctuations of the neutron detectors. The spin-averaged term og,; drops out
when taking the difference, and one obtains

_ I + 2 [0(3) — o(5)]

Ao, (PE) = 2 (01t + 02t0t) = PTI T Po) Al (1.52)
_ - _ ~_ 2[0(®) —a(=)]

AoL(Pp) = 2 (01t0t + 02t0t) = PR E P Pal (1.5b)

Measured differences —Aoy, i.e. the asymmetry effect between the total cross
sections for parallel and antiparallel orientations of the beam and target polar-
ization, are proportional to the mean value of the beam polarization |P¥| and
Pl X
Ps| = 5 (IPg] +[Pg]). (1.6)

The |Pg| value is well known as functions of time, because it continuously
monitored by a beam polarimeter.

Each of relations (1.5a) and (1.5b) contains a hidden contribution from the
instrumental asymmetry IA, caused mainly by a misalignment of the neutron
detector counters (see below). The value of TA is given as

1 -
A = 5[AUL(PJTF) — Ao, (P7)]. (1.7)
The IA disappears, giving the final results as a simple average

Aoy, = =[Aoy,(PF) + Aoy, (P7))]. (1.8)

1
2

Ootots Ao and Aoy, are linearly related to the imaginary parts of the three
independent forward scattering invariant amplitudes a+b, ¢ and d [27] via optical
theorems:

O0tot — (27T/K) Sm [a(O) + b(O)], (19)
— Aoy = (47/K) Sm [¢(0) + d(0)], (1.10)
—Aoy, = (47 /K) Sm [¢(0) — d(0)], (1.11)

where K is the CM momentum of the incident nucleon. The amplitudes in
Egs. (2.9) to (2.11) satisfy: a(0) — b(0) = ¢(0) + d(0). The optical theorems
always provide the absolute amplitudes, as discussed in [30, 31, 32].

Using the measured Ao (np) values and the existing Ao (pp) data at the same
energy, one can deduce Aoy, v (I =0) as

Aor,v(I =0) = 2A01,v(np) — Ao, 7(pp). (1.12)



2. METHOD OF MEASUREMENT

In the transmission experiment we have measured the part of the incident
beam particles which remains in the beam after its passage through the target.
For the experiments with incident neutrons this measurement is always relative.
The neutron beam has a circular profile, formed by the preceding beam collima-
tors. Out of the collimator diameter the neutron flux is considered to be zero. The
neutron beam intensity is monitored by neutron beam monitors, placed upstream
from the target. The target material consists of small beads inserted in a cylindri-
cal container of the circular profile. The container covers the beam spot and its
horizontal axis coincides with the beam axis. The transmission detectors, down-
stream from the target, are larger than the beam dimensions. Any unscattered
beam particle is detected with the same probability.

If Ni, is the number of neutrons entering the target and N,y is the number
of neutrons transmitted in a counter array of solid angle €2, then the total cross
section o(€2) is related to measured quantities

Nout

N;
where n is the number of all target atoms per cm?, d is the target length and
Nout/Niy is the simple transmission ratio. The number of counts of the beam
monitor M and of the transmission counter T depends on the efficiency of each
detector, i.e. M = Ni, xn(M) and T' = Noyut X n(T"). The extrapolation of o(£2)
towards 2 = 0 gives the unpolarized total cross section ogtot.

In the Aoy, (€2) measurements with a completely filled target, only the number
of polarizable hydrogen atoms ny is important, because the oy, depends on the
polarizations PE and P as shown in Egs.(1.4). If one sums over the events
taken with one fixed target polarizations PJTr or P, and using Eq. (1.5a) or (1.5b),
the double transmission ratios of the measurements with the averaged Pp from
Eq. (2.6) for the two Pt directions become

Nout(++)/Nin(++)
Nout(_+)/Nirl(_+)
-)
-)

= exp(—o(Q) x n x d), (2.1)

exp (—AoL(Q) [Pp PE| ng d), (2.2a)

Nout(__)/Nin(_
Nout("’_)/Nin(“‘
We use here the notation of Egs. (1.4).
Thus the neutron detector efficiencies drop out. Further we put N =
Nout/Nin depending on Py and P combination and Egs. (2.3) provide

= exp (—AO’L(Q) |PB Prf| ny d) . (22]3)

B o 1 N(++)
Ao (Q,PF) = P Pr o d In (N(_+ : (2.3a)
B o 1 N(——)

Ao (Q,Pr) = P Pr T d In (N(+_)). (2.3b)



A systematical uncertainty of —Aoy, value is mainly caused by the errors in
the |Pg|, |Pr| and ny. A statistical error of —Aoy, is given by the formula

[l

1 1 1 1 1
5Stath\/m+W+ﬁ+F, (24)
where M, M~ and T+, T~ are the statictics for monitor and transmission
neutron detectors with the Pg™ and Py neutron beam polarizations, respectively.

If Q — 0, we obtain Ao, (2) — Aorp.

For the np transmission measurement we may neglect the extrapolation of
Aoy, () towards Q = 0 due to the small sizes of detectors [3, 4, 6, 5]. The
Saclay—Geneva (SG) PSA [31] at 1.1 GeV shows that for the angles covered by
our detectors the resulting —Aoy, value decreases by 0.04 mb, if we neglect the
extrapolation procedure.

The ratio of ny to other target nuclei depends on the target material. The
presence of carbon in the PPT beads adds the term oo (C) in Egs.(1.4). This
term is spin-independent and its contribution drops out in differences (1.5). The
same occurs for °0 and *He in the target and for the cryogenic envelopes.

However, there are small effects from '3C and 3He, which may be slightly
polarized. The global contribution was estimated to be + 0.3 % in Refs. [3, 4].

3. EXPERIMENTAL SET-UP

The Aoy (np) experimental set-up was in detail described in our previous
publications [3—6]. Here we mention briefly essential items, which are important
for the data analysis and results, as well as the items concerning modifications
and improvements of the apparatus and of the experimental conditions.

Figure 1 shows the both polarized deuteron and polarized free neutron beam
lines [11], the two polarimeters [33,34], the beryllium target (BT) for neutron
production, the collimators C1-C4, the spin rotation magnet (SRM), PPT [8,9],
the monitors M1, M2 of neutron beam intensity, transmission detectors T1, T2,
T3 and the detectors NP for neutron beam profile monitoring. The associated
electronics was described in [3,4]. The data acquisition system is based on
CAMAC parallel branch highway controlled by IBM PC with the branch driver
[12] finished off by one of the authors. The on-line program in Pascal works
under DOS.

Accelerated deuterons were extracted at the beam momenta p; of 4.29,
4.93, 5.36 and 5.57 GeV/c, which were known with a sufficient accuracy of
~ +1%. The average intensity of the primary polarized deuteron beam was
~ 2-10? d/cycle. It was continuously monitored by means of two calibrated ion-
ization chambers placed in the two focal points upstream the neutron production
target BT.
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The beam of free quasi-monochromatic neutrons, polarized along the vertical
direction, was obtained by break-up at 0° of vector polarized deuterons in BT.
Neglecting the BT thickness, neutrons have a laboratory momentum p,, = pg/2
with a momentum spread of FWHM ~ 5% [35]. This corresponds to the neutron
beam energies Tiin(n) of 1.40, 1.70, 1.90 and 2.00 GeV, respectively. BT con-
tains 20 cm Be with the cross section of 8 x 8cm?. Energy losses of deuterons
during their passage through air, foils in vacuum tubes of the beam transport line
and the BT matter provided the decrease of the deuteron beam energy by 20 MeV
in the BT center and the mean neutron energy decreases by 10 MeV [3, 5]. For
the Aoy, results the energies and laboratory momenta in the BT center are quoted,
for the beam polarization measurements the extracted beam energies have been
used.

After the deuteron break-up, the resulting neutrons and protons have the same
values and directions of the polarizations, Pg(n) and Pg(p), respectively, as the
vector polarization Pg(d) of the incident deuteron beam [36, 37].

In our previous experiments [3, 4, 5, 6] the deuteron beam polarization
was determined by two independent asymmetry measurements, either for the
dp elastic, or for the pp quasielastic reactions. In the first case, the four-
arm beam line polarimeter [33] was used and deuterons, scattered on the lig-
uid hydrogen target, were analyzed by the magnetic field. This polarimeter
worked in the primary deuteron beam line. It accurately determined the elas-
tic dp scattering asymmetry at Tiin(d) = 1.60 GeV, where the analyzing power
of this reaction is well known [38]. In principle, the Pg(d) needs to be de-
termined at one energy value only, since no deuteron depolarizing resonance at
the Synchrophasotron exists [33]. On the other hand, the measurement requires
to change the deuteron energy and to extract deuterons in another beam line,
which is a time-consuming operation. For this reason the dp polarimeter was
not used in the 2001 run. In Refs.[5, 6] we obtained an average for positive
and negative signs of the vector polarization |[Pg(d)| = 0.524 £ 0.010(stat.)£
+0.010(syst.).

Another four-arm beam polarimeter [34] with small acceptance of 7.1-10~% sr
continuously monitored Pp(p) value during the data acquisition. The deuteron
beam, considered as a beam of quasifree protons and neutrons, was scattered
on CH, target at 14° lab. This polarimeter measured the pp left-right asym-
metry on hydrogen and carbon at Tyin(p) = Tkin(d)/2 and the pC asymme-
try was subtracted. The polarimeter was calibrated and improved [39, 40].
Average value |Pg(p)| ~ |Pg(d)| = 1/2(|P§| + |[Pg|) of deuteron beam po-
larization was continiously measured by this device during the 2001 data tak-
ing run. These |Pg(d)| values were taken into account for the data treat-
ment. The weighted average |Pp(d)| over the 2001 run is |P(d)| = 0.528 +
0.004(stat.) & 0.008(syst.), and agrees with the previous dp polarimeter results
very well.



The dimensions and positions of the iron and brass collimators C1-C4 (Fig. 1)
were as described in [3, 4]. The accurate measurements of the collimated neu-
tron beam profiles were performed in a dedicated run, using nuclear emulsions.
During the data acquisition, the position and X —Y profiles were monitored by
the neutron beam profile monitor NP. It was equipped by multiwire propor-
tional chambers and placed close downstream from the last transmission de-
tector.

In order to change the vertical orientation of the neutron beam polarization
to the longitudinal direction, a spin-rotating magnet (SRM) was used. The SRM
magnetic field map was accurately measured and the value of magnetic field
was continuously monitored by a Hall probe. The uncertainty of the magnetic
field integral within the neutron beam path area may provide a small additional
systematic error of +0.2%.

The frozen-spin polarized proton target reconstructed to the movable device
[8, 9, 13] was used. The target material was 1-penthanol (C5H;120 + 5% H50)
with a paramagnetic CrY impurity (EHBA) having the spin concentration of
7-10"cm~3. The penthanol beads were loaded in a thin-wall teflon container
200 mm long and 30mm in diameter, placed inside the dilution refrigerator.
The weight of the penthanol beads was (80.1 £ 0.05)g and the total number
of polarizable hydrogen atoms on the beam neutron path is ng x d = (9.14 £+
0.10) 10** cm—2,

The PPT polarization Pt was measured using a computer-controlled NMR
system. These measurements were carried out during the run at the beginning
and at the end of data taking for each sign of the PPT polarization. The negative
and positive target proton polarizations were near the values of —0.75 and 0.60,
respectively. The relaxation times were more than 5000 for Pt~ and 7000 hours
for PrT. The relative uncertainty of the measured Pt values has been estimated
at +£5%. This uncertainty includes the errors of polarization uniformity measure-
ments using the NMR data from three coils placed inside the PPT container along
all the target. The current values of the Pt were taken into account during the
accumulated data processing.

The configuration of the two neutron intensity monitors M1 and M2 and
of the three transmission detectors T1, T2 and T3 is shown in Fig.2. Each
of the detectors is to be independent of any other. All the units were of the
similar design [16] and the electronics systems were identical, as described in
[3, 4]. Each unit consisted of a CHy converter, 60 mm thick, placed behind a
large veto scintillation counter A. The emitted forward charged particles, gen-
erated by neutron interactions in the convertor matter, were detected by two
counters S1 and S2 in coincidence. The converters and S1, S2 counters for
monitors M1 and M2 were 30 mm in diameter and the corresponding elements
for the transmission detectors T1, T2 and T3 were 90, 92 and 94 mm, respec-
tively.
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The NP array, also shown in Fig. 2, was similar to the neutron detectors. The
two multiwire proportional chambers behind the converter were protected by its
own veto A and triggered by the dedicated S1, S2 and S3 counters in coincidence.
The used counter array provides very good stability of the detection efficiency.
The efficiencies of ~ 2% for all detectors are practically constant with energy.

The result of Aoy, is independent of the neutron beam intensity, if the prob-
ability of quasi-simultaneous detection of two neutrons in one detector unit may
be neglected. The small detection efficiencies decrease the probability for a
converted neutron to be accompanied by another quasi-simultaneous converted
neutron in the same detector. «Simultaneous» detection is to be understood
within the resolution time of a scintillation counter. The probability was es-
timated from the results obtained with different neutron beam intensities and
radiator thicknesses [16, 17]. For the same neutron fluxes, the probability in-
creases quadratically with increasing detector efficiency. At high efficiencies
(namely for pp transmission experiments) it represents the dominant source of
systematic errors. This effect of the «simultaneous» detection of two neutrons
in one detector unit, was estimated to be smaller than 2 - 1076 in the present
experiment.

The misalignment of the detector components or of the entire detectors pro-
vide instrumental asymmetry IA. To reach a perfect alignment is beyond the
experimental possibility. In the case of misalignment, the asymmetries in each
neutron detector depend on the transverse beam polarization components only.
For T detectors the misalignment effects are practically independent of the tar-
get polarizations [41, 16]. The instrumental asymmetry IA in Eq.(1.7) may
be of the same order or larger than the transmission effects and provides the
same contributions to each pair of measurements in Eqgs.(1.5a) or (1.5b). It
is obvious that this effect will be considerably stronger for the Aot measure-
ment, than for the Aoy, one, where only residual perpendicular Py compo-
nents exist. These undesirable components depend on the accuracy of the SRM
current setting. As already mentioned, IA cancels out when taking the sim-
ple average of results in Eq.(2.8). The results strongly depend on the detec-
tor stabilities and their fixed positions over the data acquisition with both P
signs.

However, there exist small random-like instrumental effects (RLE), provided,
e.g. by temperature, magnetic field fluctuations, beam position variations, etc.
They affect the stability of set-up elements in an uncontrolled manner. For the
final Aoy, results, uncertainties caused by these effects were taken into account
using a special procedure of data treatment (see Sec. 4).

A possible inefficiency of the protection against charged particles by all
veto counters may exist. Charged particles in the neutron beam are produced
mainly in beam collimators, in CHy radiators of all M and T detectors, and in
the target. Only a small fraction of the forward protons is polarized. They are
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produced in the polarized target by elastic scattering of polarized neutrons on
free polarized protons close to fcy = 180°. For the longitudinally polarized
beam and target one obtains a contribution from the spin correlation parame-
ter Aok (np) [27], which is included in the counting rate asymmetry for the
observable Aoy,. This additional asymmetry was calculated in [3, 4] and may
provide a £0.1% systematic error. Let us note that Agorr(180°, np) is one
of the observables which determine the real parts of the forward scattering am-
plitudes for the isospin I = 0 state. Its measurement is foreseen in our future
experiment.

For the measured Aoy, values, the relative normalization and systematic errors
from different sources are summarized as follows:

Beam polarization over the run + 0.9%
Target polarization + 5.0%
Number of the polarizable hydrogen atoms + 1.1%
Polarization of other atoms + 0.3%

Magnetic field integral of the neutron spin rotator + 0.2%

Inefficiencies of veto counters + 0.1%
Total of the relative systematic errors + 5.3%
Absolute error due to the extrapolation of results

towards 0° < 0.04mb

Dedicated tests of the experimental set-up were performed during additional
runs with high intensity unpolarized deuteron beams. The unpolarized neutron
beam energies were 1.3, 1.4 and 1.5 GeV. We used the same transmission set-up
as described above, where PPT was removed and either the liquid hydrogen or
carbon targets were inserted in the neutron beam line. Transmission ratios were
completed by the corresponding empty target data.

These measurements allowed one to extract the total cross sections ogtot (1p)
and ootot(nC). For nC experiment at Tyin(n) = 1.5 GeV, the transmission was
measured using several carbon targets having different thickness. The obtained
results for the three total cross sections are summarized in Table 1.

Table 1. Unpolarized total cross sections for np and nC' interactions

Tkin (n) ) J0tot (np) 3 O0tot (nc) 5
GeV mb mb
1.30 £ 0.013 | 41.35 £0.66 -
1.40£0.014 | 39.18 +£0.48 | 381.5+£2.6
1.50 £0.015 | 41.63 +0.83 | 379.6 £1.0
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Our results are shown in Figs. 3 and 4, where they are compared with exist-
ing data, listed in compilations [42, 43, 44] for np and in [45] for nC interac-
tions.

mb
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Fig. 3. Energy dependence of the Fig. 4. Energy dependence of the ootot (nC').
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bols: O — world data from [42, 43, 44], data from [45], B — this experiment,
B — this experiment, — — GW/VPI- —— — [45]

PSA [47] (SPO3 solution)

4. DATA ANALYSIS

For each accelerator cycle the following main information was recorded and
displayed by the data acquisition system:

e rates of the two calibrated ionization chambers used as primary deuteron
beam intensity monitors,

e rates of coincidences and accidental coincidences for the two neutron de-
tectors M1 and M2 used as the intensity monitors of the neutron beam incident
on the PPT,

e rates of coincidences and accidental coincidences for the three neutron
transmission detectors T1, T2 and T3,

e rates of the left and right arms of the pp beam polarimeter.

At the beginning of the run, statistics at T, = 1.4 GeV with PJTr and P
were recorded. Then the data were taken at 1.7, 2.0 GeV and 1.9 GeV with Pr.
Finally, with P}' the data were acquired at 1.9, 2.0 and 1.7 GeV.

The recorded data were then analyzed in three steps. In the first step, the
data were cleaned of a low-quality information. At first, the «bad» data files
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were removed. Then the data files were cleaned of the «bad» cycles with an
absence or incorrect sequence of labels of Pp signs. The number of such «bad»
cycles for the cumulated statistics is a few tenths of percent. The data were
also cleaned of the cycles with an absence («empty» cycle) or a low level beam
intensity and/or with a possible fluctuation of the neutron detector performances.
The main part of the rejected cycles (~ 5%) was caused by the low intensity
of neutron beam. Remaining event statistics over the run at a given energy
and for each combination of the Py and P directions were used to determine
Aoy, and TA. The transmission ratios from Egs. (2.3) averaged over the beam
and target polarizations are proportional to oot (PPT) for all targets elements.
The transmission ratios were listed in [5, 6] at three energies and are not shown
here, since the conclusions are identical. With decreasing energy ooiot(PPT)
slightly decreases. A monotonous decrease of the o .(PPT) as a function of
the neutron transmission detector distance from the target is also observed, as
expected.

The second and third steps of data analysis used the previously selected
events. The stabilities of the SRM magnetic field and of the neutron detectors
were checked, the parameters of statistical distributions of the Aoy, results for
all pairs of the neighbour cycles with Pg and Py for a sequence of data cycles
accumulated over a single run were determined and the final results were obtained.
The transmission ratios as functions of time were analyzed for each combination
of the individual M and T detectors, at any neutron energy and the Pt sign. No
significant time dependence of checked values and no sizeable deviations from
normal distributions were observed.

The Aoy, values over a given run were calculated by two different methods.
By the first method, the Aoy, values were obtained using Eqgs. (2.4a), (2.4b) and
(2.5) for entire statistics of each neutron detector (M1, M2, T1, T2, T3), accu-
mulated over the run. For the second method, first the partial Aoy, values end
their statistical errors were calculated from the individual neutron detector statis-
tics for each «pair» of the following cycles with the opposite beam polarizations
PE and Pg~. The relations (2.4a), (2.4b), (2.5) and the known time-dependent
sequence of recorded cycles were used again. Then, obtained partial Aoy, values
and their statistical errors for all «pairs» were added using an average weighing.
The second method takes into account both the statistical uncertainties and the
«random-like» instrumental effects — RLE.

The final results of the data treatment are presented in Table 2. The
—Aop,(np) values at four energies, measured with the individual transmission
detectors T1, T2, T3 for both sign of Pr, their half-sums from Eq. (1.8) and
half-differences, i.e. the hidden contributions of IA [16] from Eq. (1.7), are
listed. The results were obtained using the combined statistics from the two mon-
itors M1 and M2. The T123 value at any energy represents the wieghted average
of the three transmission detectors contributions.
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Table 2. Measured —Aoy,(np) values at different neutron beam energies Tiin(n) =
T GeV for the two opposite target polarizations, for the individual transmission detec-

tors (TD) and for the cumulated statistics

T, TD —AoL(P1), —AoL(Pr), IA, Average R
mb mb mb —Aor, mb
139 | TI +12.14 £3.09 | +3.33£2.48 | +4.41 | 47.73 £1.98 | 1.195
T2 +10.83 £3.17 | +2.924+2.56 | +3.95 | +6.87 £2.04 | 1.204
T3 +7.73+£3.28 | +1.23£2.65 | +3.25 | +4.48+£2.11 | 1.211
T123 | +10.32+1.83 | +2.54+£1.48 | +3.69 | +6.43+£1.18 | 1.036
1.69 | TI1 +2.53+£2.04 | +0.684+1.58 | +0.92 | +1.60+=1.29 | 1.190
T2 +4.51 £2.09 —-1.65+£1.62 | +3.08 | +1.43£1.32 | 1.197
T3 +6.08 £2.17 | +0.86+£1.68 | +2.61 | +3.47+1.37 | 1.203
T123 +4.30 £1.21 —0.41+£0.94 | +2.17 | +2.13£0.77 | 1.037
1.89 T1 +3.47 £2.34 +3.08£2.46 | +0.20 | +3.27 £ 1.70 | 1.272
T2 —0.84 £ 241 +240+£254 | —1.62 | +0.78 £1.75 | 1.284
T3 +1.17 £2.49 +4.74£2.63 | —1.78 | +2.96 £1.81 | 1.295
T123 +1.31 £1.39 +3.37+£1.47 | —1.03 | +2.34£1.01 | 1.043
1.99 | TI +0.76 £2.03 | +2.87+1.85 | —1.06 | +1.82+1.37 | 1.222
T2 —1.47£2.09 +3.82+£1.90 | —2.64 | +1.17+£1.41 | 1.230
T3 +0.71+£2.16 | +235+1.97 | —0.82 | +1.53+1.46 | 1.239
T123 | 40.0003 £1.21 | +3.03+1.10 | —1.51 | +1.51 +£0.82 | 1.030

The data presented in the table were calculated using the procedure of average weigh-
ing of the results for each pair of the neighbour cycles from the sequence of all accumulated
data cycles with Pg and P; beam polarizations. Therefore the errors quoted take into
account both the statistical uncertainties and the «random-like» instrumental effects. Since
both the IA and the average —Aor(np) values have the same errors, they are indicated
for the — Aoy (np) values only.

The —Aoy, values and their experimental errors presented in Table 2 have
been calculated by the second («pair») method. In order to estimate the RLE
contribution to the experimental error we calculated the ratio

R - 5«pair»/5stat 2 17 (41)

where the §.pair» iS the error obtained by the second method and Jg;a¢ is the error
obtained by the first one.

The value of R = 1 occurs if no RLE exists and it increases with increasing
RLE. In our experiment the errors of the final results obtained by the «pair»
method exceed the statistical errors obtained from Eq. (2.5) by ~ 4% (see last
column in Table 2).
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As can be seen from Table 2, the IA values at 1.39 and 1.69 GeV are positive,
whereas at 1.89 and 1.99 GeV they are mostly negative. Since the elements of
the neutron detectors were not moved during the run, we assume that the residual
perpendicular components in Pg were opposite.

5. RESULTS AND DISCUSSION

The final —Aoy,(np) values are presented in Table3 and shown in Fig. 5.
Statistical and systematic errors are taken into account. Total errors are the
quadratic sums of experimental and systematic uncertainties.

Table 3. Final — Aoy, (np) results. Total errors are quadratic sums of the experimental
and systematic errors. Laboratory kinetic energies and momenta of the neutron beam
in the production target center are given

Txin(n), | pPab(n), | —Aowr(np), | Exp. error, | Syst. error, | Total error,
GeV GeV/c mb mb mb mb
1.39 2.13 +6.43 +1.18 +0.34 +1.23
1.69 2.46 +2.13 +0.77 +0.11 +0.78
1.89 2.67 +2.34 +1.01 +0.12 +1.02
1.99 2.77 +1.51 +0.82 +0.08 +0.82

—Aoy(np)

Fig. 5. Energy dependence of the
—Aor(np). The meaning of the sym-
bols: @ — this experiment, l — JINR
[3, 4],  — JINR [5, 6], O — PSI [19],
] & — LAMPF [20], O — Saturne 1II [16,
. 1 17], — — ED GW/VPI PSA [46, 47]
*e . (I — FA95 solution, 2 — SP99 solution

R and 3 — SPO3 solution), --- — meson-
1 exchange model [51], - - - - — contribu-
N — tion from nonperturbative QCD interaction

0 05 1.0 1.5 20 25 3.0 35 4.0 : :
T GeV induced by instantons [3, 4, 6]

n’

The results from Refs. [3-6] together with the existing —Aoy,(np) data [16,
17, 19, 20], obtained with free polarized neutrons below 1.1 GeV, are also plotted
in Fig.5. In [5] we added the TUNL point at 19.7 MeV [25] and the PSI point
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at 66 MeV [21], in order to show the —Aor,(np) energy dependence and existing
structure at low energies. This structure (not shown here) was described by the
energy dependent (ED) GW/VPI PSA (solution SP99) [46] and is described again
in the recent solution SPO3 [47]. In the present paper we discuss mainly the
energy dependence over the high energy region.

The new results agree with our previous data, confirming a fast decrease
above 1.1 GeV, and suggest a minimum or a shoulder in the vicinity of 1.8 GeV.
The quasielastic pn data from Ref. [15] (not shown here) are in good agreement
with the Dubna results. The solid curves represent the evolution of the PSA
fits of —Aor,(np) — FA95, SP99 and SP03 GW/VPI PSA solutions [46,47]
below 1.3 GeV. Above 0.6 GeV the fits are only in qualitative agreement with the
measured values.

From Eq. (1.12) can be deduced —Aoy,(I = 0), using the obtained —Aoy,(np)
results and the corresponding pp values at the same energies. In order to determine
—Aor,(pp), we have used different sources:

e Calculations using the energy dependent (ED) GW/VPI PSA [47] (solution
SP03).

e Linear interpolation of the fixed energy (FE) GW/VPI PSA [47] results,
using the solutions at 1.275, 1.50, 1.70, 1.80, 1.95, and 2.025 GeV.

e Linear interpolation of the FE Saclay—Geneva (SG) PSA results [31], using
the solutions at 1.3, 1.6, 1.8, 2.1 GeV.

e Interpolation of the pp experimental data measured at ANL-ZGS [48, 49]
and Saturne II [50] in the vicinity of energy values for the obtained —Aory,(np)
data.

The four calculated pp data sets are listed in the upper part of Table 4. Let us
note that from ED GW/VPI PSA no errors could be calculated and in FE GW/VPI
PSA they are obviously overestimated. SG PSA calculate errors using the error
matrix, which are compatible with those obtained by the direct interpolation of
neighbourhood measured values.

The results of —Aor,(I = 0), using the four sets of pp values are given in the
bottom part of Table 4. We have added the SG PSA errors to the ED GW/VPI
pp predictions. The results at each energy agree within the errors. Since, in
general, the pp data are accurate, the —Aor,(I = 0) values have roughly two
times larger errors than the np results. For this reason, an improved accuracy of
np measurements is important.

New —Aor,(I = 0) results, calculated with ED GW/VPI pp values are plot-
ted in Fig. 6, together with other existing data in a large energy interval. The
solid curves were calculated from np and pp ED GW/VPI PSA ( [46,47] so-
lutions FA95, SP99, SP03) predictions below 1.3 GeV. The PSA fits described
inaccurately the data starting 0.5 GeV. In addition, for comparison, the energy de-
pendence of isovector part —Aoyr,(I = 1), calculated from ED GW/VPI (solution
SP03) is shown by dotted line.
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Table 4. The upper part: — Aoy (pp) values deduced from the four sources. The lower
part: Four sets of —Ao,(I = 0) results, calculated from the present np data and

corresponding pp values

Tiin, | —AowL(pp), —Aow(pp), —Aow(pp). —Aow(pp),
GeV mb mb mb mb

ED GW/VPI FE GW/VPI FE SG data interpol.
1.39 +7.83 +7.73+2.13 +7.82 £ 0.30 +6.45 + 0.53
1.69 +4.17 +4.14 +1.71 +4.35 £+ 0.30 +3.78 £ 0.30
1.89 +2.60 +1.87 + 2.27 +3.09 £ 0.30 +2.77 £0.18
1.99 +2.07 +0.44 + 2.21 +2.82 +£0.20 +2.20 £0.18
Tiin, | —AoL( =0), | —AoL(I =0), | —AcrL(I =0), | —AoL{ =0),
GeV mb mb mb mb
1.39 +5.03 £2.38 +5.13 £ 3.18 +5.04 £+ 2.38 +6.43 + 2.41
1.69 +0.09 £+ 1.58 +0.12 £+ 2.29 —0.09 + 1.58 +0.18 £ 1.58
1.89 +2.09 £ 2.05 +2.82 + 3.04 +1.60 £ 2.05 +1.92 +£2.03
1.99 +0.95 £+ 1.64 +2.59 +2.75 +0.21 £ 1.64 +0.82 + 1.64

Fig. 6. Energy dependence of the

—AoL(I = 0) calculated from measured
np data and the corresponding pp values
J from [47] (solution SP03). The np data at
the same energies as in Fig. 5 are used and
the I = O results are denoted by the same
symbols. The solid curves are the I = 0
dependences calculated from the common
[ np and pp GW/VPI-PSA [46, 47] (] —
FA95 solution, 2 — SP99 solution and
3 — SPO3 solution). For comparison, the
—Ao,(I = 1) dependence from GW/VPI-
PSA [47] (solution SP03) is shown by the
dotted curve
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The new results agree again with our previous data and confirm a plateau
around 1.4 GeV followed by a fast decrease and suggest a minimum in the
vicinity of 1.8 GeV. The —Aop(I = 0) values deduced from the quasielastic
pn data [15] above 1 GeV (not shown) are in good agreement with the present
results.

Some dynamic models predicted the —Aoy, T energy behaviour for np and
pp interactions. Below 2.0 GeV, a usual meson exchange theory of NN scat-
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tering [51] gives the —Aoy(np) energy dependence as shown by the dotted
curve in Fig. 5. It can be seen that this model provides only a qualitative
description at low energies and disagrees considerably with the data above
1 GeV.

The articles [3, 4, 6] discussed the model of a nonperturbative flavour-
dependent interaction between quarks, induced by a strong fluctuation of vacuum
gluon fields, i.e. instantons. Estimation of such nonperturbative QCD contribution
to the —Aoy,(np) energy behaviour is shown in Fig.5 by dashed line. One can
see that this prediction disagrees with the experimental data.

The investigated energy region corresponds to a possible generation of heavy
dibaryons with masses M > 2.4GeV (see [52]). For example, model [53,
54] predicts the formation of a heavy dibaryon state with a color octet—octet
structure.

The possible manifestation of exotic dibaryons in the energy dependence of
different pp and np observables was predicted by another model [55, 56, 57,
58, 59]. The authors used the Cloudy Bag Model and an R-matrix connection
to the long-range meson-exchange force region with the short-range region of
asymptotically free quarks. This hybrid model gives the lowest lying exotic
six-quark configurations in the isosinglet and the spin-triplet state 3S; with the
mass M = 2.63GeV (Tiin(n) = 1.81GeV). This is close to the energy where a
minimum is suggested by the energy dependence of our results.

For the I = O state, the 3S; partial wave is expected to be predominant.
Since —Ao for arbitrary isospin state contains no uncoupled spin-triplet state,
a possible dibaryon resonance effect in 3S; may be less diluted. The measure-
ment of —Aor observable for np interaction and deducing from these data the
—Ao7(I = 0) values may provide a significant more sensitive check of possible
manifestation of the predicted dybaryon. Moreover, in the difference of both
quantities the spin-singlet contributions vanish. For this reason, the more detailed
and accurate measurements of energy dependences of —Aoy,(np) and —Aor(np)
in vinicity of 75, = 1.8 GeV are important.

The I = 0 spin-dependent total cross sections represent a considerable ad-
vantage to study possible resonances. This is in contrast with the = 1 system
where the lowest lying exotic six-quark configuration corresponds to the spin-
singlet state 1Sy [59]. This state is not dominant and it is hard to separate it in
the forward direction.

The three optical theorems determine the imaginary parts of the nonvanishing
forward amplitudes, as shown in Egs. (2.9) to (2.11). Extrema in I = 0 amplitudes
or in their combinations dominated by the spin-triplet states will be a necessary
condition for the predicted resonance. The sufficient condition may be provided
by real parts. For nmp scattering they can be determined by measurements of
observables in the experimentally accessible backward direction, as was shown
in [32].
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CONCLUSIONS

New —Aot,(np) results, obtained in the transmission experiment, complete in
the main the measurement of energy dependence at the Dubna Synchrophasotron
region. Measured — Ao, (np) values are in accordance with the existing data at
lower energies. The —Aoy,(np) energy dependence shows a fast decrease to zero
above 1.1 GeV and a possible structure around 1.8 GeV. Values of the I = 0 part
of Aoy, are also presented. The data are compared with model predictions and
with the PSA fits.

The —Aor(I = 0) quantities, deduced from the measured Aoy, (np) values
and the existing —Aor,(pp) data, are also presented. They indicate a plateau or
a weak maximum around 1.4 GeV, followed by a rapid decrease with energy and
by a minimum around 1.8 GeV.

The obtained results are compared with the dynamic model predictions and
with the recent ED GW/VPI-PSA fit. The necessity of more detailed and accurate
—Aoy,(np) measurements around 1.8 GeV and new —Aor(np) data in the kinetic
energy region above 1.1 GeV is emphasized.
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